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ON A SHORT-LIVED COSMIC RAY DECREASE ON NOVEMBER 13, 1960*+ 
By I. Escopar, N. W. Nerurkar, O. TRoNcoso, AND M. ZuBIETA 
LABORATORIO DE FISICA cOsMICA, UNIVERSIDAD MAYOR DE SAN ANDRES, LA PAZ, BOLIVIA 
Read before the Academy, April 27, 1961 


On the Chacaltaya mountain in Bolivia (altitude 5,220 meters, magnetic lati- 
tude 5°S, geographic longitude 68.1°W), we are operating a cosmic ray neutron 
monitor designed by the University of Chicago for 12 BF; counters. Its bihourly 
counting rate is about one million counts. From the twelfth to the sixteenth of 
November, 1960, the monitor registered a series of Forbush decreases, the broad 
characteristics of which have already been described.! We are now reporting a 
very abrupt and short-lived cosmic ray decrease, observed on November 13, 
1960, when data are analyzed for short-time intervals. 

The total counts of the monitor in each 15-minute interval from 0900 to 2200 
UT on November 13, 1960 are shown in Figure la. It is seen that immediately 
after the magnetic storm that commenced suddenly at 10h21m UT the cosmic ray 
intensity decreased rapidly during the first hour, and more gradually thereafter, 
following the general pattern of the Forbush decrease. 

Shortly after 1300 UT, the cosmic ray intensity at Chacaltaya decreased sud- 
denly, remained 3 to 4 per cent below the former value for about one and a quarter 
hours, and then jumped suddenly to predrop value. Later it continued to de- 
crease slowly for more than six hours, following the profile of the first decrease. 

The neutron monitor at Mina Aguilar, which is located near Chacaltaya, also 
showed similar results. In Figure 1b are shown cosmic ray data from meson tele- 
scopes at M.I1.T., and their characteristics agree well with those of Chacaltaya. 
It appears from these observations that the second decrease was not part of the 
first, but was superimposed on it temporarily. 

In addition, we have examined data of neutron monitors at stations in middle 
and high latitudes, viz. Ottawa, Durham, Mt. Washington, Ellsworth, and Deep 
River. The cosmic ray intensity at all these stations had increased on November 
12, 1960, due to the solar outburst of cosmic rays, but by 1200 UT on November 13 
it had returned to normal. At Deep River it was observed that cosmic ray counts 
between 1,315 and 1,415 were 8 to 10 per cent below the values of the adjoining 
hours. This decrease is 2.5 to 3 times greater than at Chacaltaya, M.I.T., and 
Mina Aguilar, suggesting an energy dependence the same as that of the Forbush 
effect. 

Data from other stations are distributed for total hours only. Since the de- 
crease did not coincide exactly with the hourly intervals, its amount is difficult to 
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Fic. 1.—-Cosmic ray intensity measured by (a) a neutron monitor at Chacaltaya and (6) a meson 
telescope at M.I.T. on November 13, 1960. Data are corrected for variations of pressure only. 


estimate. Nevertheless, it is worth noting that the cosmic ray intensity between 
1300 and 1400 UT at these stations was 3 to 6 per cent less than that in the adjoin- 
ing hourly intervals. 

Events of this type were first reported by Carmichael and Steljes? during the 
big Forbush effect of July 17, 1959, in the neutron monitor data at Deep River. 
MeCracken* noted that Meson telescopes at M.I.T. also showed similar phenomena 
in association with the magnetic storm of July 15, 1959. These observations to- 
gether with the results described in this note indicate that the short-lived drop 
may be present during all big Forbush decreases. 

The striking features of these events may be summarized as the very rapid de- 
crease, equally fast recovery, and very short duration. Our analysis of the Novem- 
ber event shows, in addition, that it was world-wide in character and had an energy 
dependence the same as that of the Forbush effect. 


Cosmic ray decreases associated with magnetic storms are believed to be caused 


by a cloud of ionized solar gas with magnetic fields enveloping the earth. On these 
considerations we suggest that clouds responsible for big magnetic storms contain 
within them well defined regions, where the magnetic field strength is higher and 
consequently cosmic ray intensity lower than the rest of the cloud. When such a 
region is moving past the earth, the cosmic ray intensity decreases even more. 
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Because of the comparatively small dimensions the decrease lasts for an hour or so, 
and because of its well-defined limits both the decrease and the recovery occur very 
quickly. 

* Presented during the Ninety-Seventh Annual Meeting of the Academy by invitation of the 
Committee on Arrangements. 

+ This research is supported in part by the U.S. Air Force, under contract AF 49(638)-290, 
monitored by the Air Force Office of Scientific Research of the Air Research and Development 
Command. 

! Escobar, I., N. W. Nerurkar, O. Troncoso, E. Maldonado, A. Lazo, and R. Anda, ‘‘Cosmiec 
ray intensity variations during magnetic storms of November, 1960,’’ presented at the symposium 
on Research in Space held in Buenos Aires, November 28—December 5, 1960. 

2 Carmichael, H. and J. F. Steljes, Phys. Rev. Letters, 3, 392 (1959). 

McCracken, K. G. (personal communication ). 


VITAMIN C AS A COENZYME: THE HYDROLYSIS OF MUSTARD OIL 
GLUCOSIDES 


By Martin G. Errnuincer, GEorGE P. Dateo, Jr., BARBARA W. Harrison, Tom 
J. MABRY, AND CHARLYNE P. THOMPSON 


DEPARTMENT OF CHEMISTRY, THE WILLIAM M. RICE UNIVERSITY 
Communicated by Roger J. Williams, October 16, 1961 

The‘ physiological functions of vitamin C have been obscure and reactions in 
which it participated as a specific coenzyme unknown. Nagashima and Uchi- 
yama! recently discovered that the rate of cleavage of sinigrin by an enzyme prepa- 
ration from yellow mustard increased by 260 per cent on addition of 0.001 4/7 L-as- 
corbate, whereas an equal concentration of the stereoisomeric D-araboascorbate 
produced a rise of only 50 per cent. With other, crude plant extracts, they found 
that L-ascorbate could accelerate attack on the same glucoside by factors as large 
as 100. We came independently to the domain and sketch the result. 

Yellow mustard seed (from Sinapis alba) contains at least two enzymes that 
catalyze the same reaction, hydrolysis of mustard oil glucosides (glucosinolates). 


One enzyme is, like fungal sinigrinase,? indifferent to vitamin C and is the classical 


myrosin. The other enzyme requires the vitamin as cofactor and will be called an 
ascorbate-activated glucosinolase. General thioglucosidase activity in mustard* 4 
against 2,4-dinitrophenyl §-D-1-thioglucopyranoside or desulfoglucocapparin 
(S-6-D-1-glucopyranosylacetothiohydroximic acid) is ascorbate-independent. Al- 
though the enzymes have not to our knowledge been completely separated, their 
relative proportion varies immensely between mustard flour and different extracts. 
The cleavage of sinigrin or sinalbin by whole mustard is accelerated with 0.002 M/ 
L-ascorbate by a factor of 80. The response from ordinary myrosin preparations 
is a rate factor of merely four or so," > but through a changed procedure an enzyme 
solution can be obtained with the major properties of the native system and an 
ascorbate effect of 400. The hydrolysis of glucosinolates can be followed by deter- 
mination of substrate or any product (isothiocyanate, glucose, sulfate, acid). A 
convenient method for rate studies is automatic titration with alkali at constant pH. 

Defatted yellow mustard flour hydrolyzed sinigrin at zero-order rates on the 





1876 CHEMISTRY: ETTLINGER ET AL. Proc. N. A. 8. 


magnitude of 0.1 umole/mg flour/min without coenzyme or 10 fully activated. 
Extraction of the ascorbate-dependent glucosinolase comprised three steps: treat- 
ment of the mustard with a thiol (0.07 M 2-mercaptoethanol) and alkaline buffer 
(carbonate) to neutralize the mixture; washes with a dilute salt (0.006 47 sodium 
bicarbonate), exhaustive if desired; removal of the enzyme with water. The solu- 
tion (1.5 mg of protein/ml) contained 40 per cent of the glucosinolase in the flour, 
purified fifteenfold. Centrifugation at pH 7 and 30,000 g, after dialysis or pre- 
cipitation from 0.01 . phosphate, gave supernatants with specific activity 
in 0.01 M_ sinigrin—0.002 M sodium L-ascorbate—0.001 M_ sodium chlo- 
ride at pH 7 and 25°C of 300 umoles of glucoside cleaved/mg protein/min. 
Without vitamin, the activity was 0.7. The Michaelis constant for sinigrin was 
roughly 0.0015 M in 0.002 M ascorbate; it was less without as much cofactor. 
The enzyme was stable in solution at 5° and partly sedimented during 2 hr at 
140,000 g. By ultraviolet absorption and accordance of biuret color and chromate 
reduction equivalent, the material was essentially protein. 

The zero-order rate of sinigrin hydrolysis by glucosinolase was linearly dependent 
on L-ascorbate concentration from 6-10~7 (doubling the speed compared with 
blank) to 4-10-® M7 and followed a Michaelis-Menten equation between 2-10~4 
and 0.0015 /, with a constant of 2.5-10-4 M (25°, pH 7). Over the whole range 
up to 0.0015 , the velocity agreed to 15 per cent with the Michaelis expression 
plus the rate without activator, although the full concordance involved the artifi- 
cial assumption that speed was proportional to enzyme concentration. At more 
than 0.0015 M L-ascorbate, the velocity (then five-sixths of the Michaelis limit) 
held stationary to 0.003 M and thereafter declined, at 0.02 M to half maximal. 
Optimal concentrations increased like the Michaelis constant with temperature or 
change of cofactor. Spectroscopic and kinetic evidence indicated no disturbing 
accumulation of any intermediate during the rate studies. The concentrations of 
cofactor appeared unchanged by the reaction, and the velocities pertained to the 
enzymatic stage. 

Six substances were found for which the relations between cofactor concentration 


and specific rate of sinigrin hydrolysis with standard enzyme obeyed Michaelis 


laws with the same upper limiting velocity as for L-ascorbate. The compounds 
in classical nomenclature, with ratios of the Michaelis constant of L-ascorbate to 
that of the analogue, were L-rhamnoascorbate (1/6), 6-desoxy-L-ascorbate (1/12), 
L-glucoascorbate (1/55), D-araboascorbate (1/60), D-erythroascorbate (1/100), 
and 2-O-methyl-L-ascorbate (1/160), newly obtained as the pure, crystalline acid. 
Altogether, more than three dozen enediols or derivatives of vitamin C were ex- 
amined. No substance furnished a higher limiting speed or lower Michaelis co- 
efficient than L-ascorbate, but cofactors with smaller maximal rates appeared 
possibly to be numerous. The clearest example was 5,6-isopropylidene-L-as- 
corbate, having a constant of only 5.5-10~4 M but an upper velocity 45 per cent of 
that for L-ascorbate. D-Ascorbate and D-glucoascorbate belonged to a coenzy- 
matically inert group, producing less effect alone than 10~* as much L-ascorbate 
and leaving the activated system undisturbed. Also indifferent were 2-keto-L- 
gulonic acid, its methyl ester, and the L-hexono-4D-lactones. Dehydroascorbic 
acid was inactive toward glucosinolase, and ascorbic oxidase could instantly halt 
the promoted cleavage of sinigrin with as much as 5-10~4 M vitamin. 
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The coenzymatic power of 2-O-methyl-L-ascorbate was notable because it showed 
that vitamin C was not acting as the conventional reducing agent. With sufficient 
(0.05 M) 2-methyl ether, the rate of sinigrin hydrolysis attained two-thirds of the 
maximum with L-ascorbate. Addition of the ether to glucosinolase optimally 
activated with ascorbate caused no increase of velocity and confirmed that the 
compounds affected the same enzyme and site. The action of 2-O-methyl-L-as- 
corbate was undeterred by ascorbic oxidase while ascorbate present was destroyed. 
Likewise, 2-desoxy-L-ascorbate and 3-O-methyl-L-ascorbate were coenzymes, 
with diminishing efficacy. 

The rates of hydrolysis of sinigrin by glucosinolase in 1.5-10~-* or 0.0025 M 
L-ascorbate, otherwise unbuffered, changed less than 20 per cent between pH 6 
and 9. The constancy over a pH range between the first and second ionizations 
of ascorbic acid (pK, 4.25, pK» 11.6) demonstrated that the singly charged anion 
was the effective species. Activities of 2-O-methyl-L-ascorbic acid (pK 3.4) 
and 2-desoxy-L-ascorbic acid (pK 3.6) were similarly insensitive, and 3-O-methyl- 

-ascorbic acid (pK 7.8) showed a tenfold increase of coenzymatic power from pH 
6 to 8. 

L-Ascorbate appears to act through rapid, reversible formation of a ternary com- 
plex with glucoside and enzyme. The reaction starts without induction period 
when vitamin or glucosinolase are added and promptly stops when the coenzyme 
is selectively oxidized. Variation of zero-order rate with ascorbate concentration 
corresponds to a Michaelis-Menten relationship. The existence of six analogues 
giving the same limiting velocity as L-ascorbate but larger Michaelis constants 
can most simply be attributed to combination with lower affinities for enzyme 
plus substrate but at the same site to form the identical catalytic configuration. 
Inactive compounds like D-ascorbate are not bound. Mutual influence of co- 
enzyme and substrate is shown by dependence of the Michaelis constant of D-arabo- 
ascorbate on the side chain of the glucosinolate (sinigrin or sinalbin). The in- 
crease in the Michaelis constant of sinigrin with L-ascorbate concentration near 
the coenzymatic coefficient presumably reflects transition from dominant reversible 
binary combination of sinigrin and enzyme to union of glucoside with the enzyme- 
ascorbate complex. 

OF | i ‘H3 R 9 im 

O cc O Xo O O C4 SC O CH,0 csc= O 
H—C—O S—( H c— H C—O 
noc ; R’ HO C H 


| 
CH,0H CH,OH CH.OH 


| II Il] IV 


Since the maximal velocity produced by L-ascorbate (I) is approached also 
with 2-O-methyl-L-ascorbate (II), the 2-hydroxyl group is important for combina- 
tion with enzyme-substrate but is not a catalytic center. The activity of 5,6- 
isopropylidene-L-ascorbate, D-erythroascorbate and DL-2-hydroxy-4-methyl- 
tetronate shows that the side chain hydroxyl groups are not critically reactive. 
The functional unit is a tetronate ion (IIT) with 2- and 4-substituents that enhance 
affinity for the enzyme. The requirement for (III) is not absolute, since other 
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anions resembling (I) have effect, in particular 3-O-methyl-L-ascorbate (IV), 
which can furnish one tenth of the maximal rate of (I). The general appellation 
for ions like (IIT) and (IV) is enolate or base. 

Hydrolysis of sinigrin with glucosinolase and L-ascorbate at neutrality gave 
allyl isothiocyanate, 8-D-glucose, sulfate and acid at approximately equivalent 
rates. The velocity diminished at pH below 6 but to 3.5 it was with sufficient 
vitamin at least one-tenth of optimal and 50 times faster than without cofactor. 
With pH 5 or less, allyl cyanide and sulfur® appeared among the products, and at 
pH 3.5-3.6 the routes to element plus nitrile or to mustard oil competed equally. 
Hydrogen sulfide was also evolved in acid? but seemed quantitatively unimportant. 
The ratio of nitrile or sulfur to isothiocyanate was crudely proportional to hydro- 
gen lon concentration. 

During the ascorbate-promoted neutral hydrolysis, temporary absorption ap- 
peared that was most obvious at 255 my, where starting material and final prod- 
ucts had almost equal extinctions.° The extra absorbance (0.5-mm light path) 
ranged up to 0.6 with velocity of glucoside cleavage slightly below 0.003 7 /min. 
When the transient was maximal, the rate of cleavage of sinigrin could be measured 
at 228 mu) without interference. With temperature fixed, the ratio of largest 


absorption or amount of intermediate to concurrent speed was a constant inde- 


pendent of enzyme or ascorbate concentrations or buffer (acetate, phosphate or 
carbonate, pH 5-9.4). The steady-state condition implied that the absorbing 
intermediate, formed by the enzymatic process, decomposed in a first-order reac- 
tion not involving enzyme, cofactor or other ions. The half-life could be estimated 
from the rate of appearance at the start, on the assumption that the velocity of 
formation was constant, or the fall after the enzymatic reaction was quenched by 
ascorbic oxidase. The probable result at 20°, under allowance that decay appeared 
slower than rise, within a factor of two was 25-30 sec. The data sufficed, if one 
mole of sinigrin generated one of intermediate, to calculate its extinction coefficient 
log 6 3.9 at 255 mu: Amax 245-250 mu, log ¢ 4.0) and concentration. 

When a solution containing unstable intermediate was suddenly acidified to 
pH 2, the enzymatic reaction stopped at once and the substance disappeared within 
a minute. Sulfur was produced, and from the amount or more accurately from 
the difference between total sinigrin consumed and isothiocyanate formed, the 
kinetically inferred concentration of intermediate could be verified. 

Since the transient spectral effect diminished beyond 255 my and the considerable 
absorption by L-ascorbate in the 290-my region was unchanged during reaction, 
the cofactor did not appear to furnish part of the intermediate. Furthermore, the 
intermediate could much exceed ascorbate as well as enzyme. The intermediate 
therefore is simply a fragment of sinigrin (potassium myronate or allylglucosinol- 
ate; V, R HoC—CHCH.) and is regarded as the sinigrate or vinylacetothio- 
hydroxamate-O-sulfonate ion (VI, R HoC—CHCH,), the basic form of the 
agluecone. A model for the spectrum is the absorption maximum of phenylaceto- 
thiohydroxamate in methanol at 247 my (log € 3.8).* Silver sinigrate (VII, R = 
HoC—CHCH.,) is a well-known* * product from sinigrin and silver nitrate and is 
decomposed to isothiocyanate by neutral nucleophiles (thiosulfate, warm chloride) 
that combine with silver liberating (VI), but to nitrile and sulfur by corresponding 
acidic reagents (hydrogen sulfide, hydrochloric acid). Enzymatic formation of 
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(VI) thus explains the observed products. Since the rate of decomposition of the 
intermediate is unaltered from pH 9 to 5 and appears faster at 2, yet at 3.5 almost 
half of the material goes through the same reaction as at neutrality, the effective 
pk, of vinylacetothiohydroxamic acid-O-sulfonate (VIII, R = HsC—CHCH,) 
is 3.5 or less. Acetohydroxamic acid-O-sulfonate (IX), which undergoes Lossen 
rearrangement at pH 9 to isocyanate (eventually N,N’-dimethylurea) with a 
half-life of 20-25 minutes at 25°, has pK, 8.0 (cf. acetohydroxamic acid,’ pK 9.4). 
If acidifying influences of the vinyl group and particularly of the divalent sulfur 
atom!'! are superimposed on (IX), it is indeed plausible to assign to (VIII, R 
H,C=-CHCH.,) a pK, on the order of 3. An outstanding feature of mustard oil 
glucosides is the great acidity of the aglucones. 

Ascorbate-activated glucosinolase is a specific thioglucosidase, and the Lossen 
rearrangement of (VI) is proved under our conditions to be nonenzymatic. Since 
desulfoglucocapparin (X) is neither substrate nor inhibitor of glucosinolase, the 
sulfate group of (V) is important for combination with the enzyme as well as for 
electron withdrawal. That the enzymatic reaction consists in displacement of a 
strongly electron-attracting group from the 1-glucosyl residue supports the idea 
that the coenzyme acts as a base or nucleophile. The ‘ion (VI) liberated is less 
basic than ascorbate. No evidence exists of a glucosyl-enzyme or glucosyl as- 
corbate intermediate, but the net retention of anomeric configuration suggests 
two nucleophilic displacements at the 1l-position,!? first by enzyme-ascorbate, then 
by water. We conclude that ascorbate behaves toward the thioglucosidase as a 
reversibly dissociable base, closely connected with the active nucleophilic group. 

The ascorbate ion (I) is stable over a wide pH range surrounding neutrality. 
The negative charge is distributed over the l- and 3-oxygen atoms, as reaction of 
the acid with diazomethane witnesses, and 2-carbon atom besides. Amid the 
basic cloud is the 2-hydroxyl group. We recall the catalytic power, emphasized 
by Swain and Brown,'* that can belong to molecules with neighboring acidic and 
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basie centers. The high reactivity toward acyl halides of a phenolate ion with an 
o-hydroxyl group" is independent of any oxidation of the catechol and specially 
relevant to (I). Besides the sort of coenzymatic reaction now described, involving 
the acid group of (I) only in the attachment to enzyme, we can anticipate processes 
in which important acidic catalysis, as well as basic, is exerted on substrate. The 
coexistence of both functions in the ascorbate system is accompanied by the re- 
ducing power, and effective inhibition of enzyme and (I) by the methyl ethers 
(II and IV) would be an ambiguous criterion of mechanism. The present example 
is valuable to make clear that the reducing action of ascorbate need not be its 
major property. The oxidation-reduction equilibrium can serve as means to 


govern the level of an acid-base catalyst. 
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heartfelt. thanks also to E. B. Astwood, B. Badgett, J. W. Campbell, W. Feldheim, M. A. Greer, 
J. D. Gregory, R. W. King, M. Koike, E. 8. Lewis, L. W. Mapson, E. L. Mitch, G. K. Parman, 
Z. Prochdézka, L. J. Reed, E. T. Reese, I. H. Scheinberg, N. R. Trenner, D. N. Ward, and M. L. 
Wolfrom. The work was supported by the Welch Foundation and the Organic Chemistry Lab- 
oratory, Pioneering Research Division, Army Quartermaster Research and Engineering Command. 
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EVIDENCE CONCERNING LIQUID STRUCTURE 
By Jor, H. HILDEBRAND AND GRAHAM ARCHER 
DEPARTMENT OF CHEMISTRY, UNIVERSITY OF CALIFORNIA AT BERKELEY 

Read before the Academy, November 1, 1961 


For dealing with the theory of the liquid state, some authors have assumed quasi- 
crystalline models, as implied in such terms as: “lattice,” “cells,” “holes,” “va- 
cancies,” and “dislocations.’’ Eyring,' in a series of papers in these PROCEEDINGS, 
postulates that a liquid consists of a mixture of ‘‘solid-like’”’ and “gas-like’’ mole- 
cules. 

The senior author? has adduced a number of experimental facts that seem in- 
consistent with any sort of ‘‘solid-like’’ structure in liquids. The following are 
the most significant: 

1. The X-ray scattering by solid gallium® gives the line-spectrum characteristic 
of crystals, while the liquid at nearly the same temperature gives no trace of lines. 

2. The X-ray scattering by mercury, determined years ago by Debye and 
Menke,‘ indicated a structure closely agreeing with that of an artificial model 
designed by Morrell and Hildebrand® in which the simulated molecules were in a 
state of maximum disorder. 

3. The partial molal volume’ of iodine, whose molal volume as liquid is 59 ee, is 
identical, 66.6 + 0.1 cc, in solvents of such different molal volumes as CCly, 97.1 ee, 
and ¢-(CH3)sSisO4, 312 ec. The iodine molecules do not find any larger ‘holes’ 
ready to receive them in the latter than in the former; they make their own equal- 
sized “holes.” 

4. Phosphorus, whose molecules, Ps, are regular tetrahedra, melts at 44.2°C, 
but drops of the liquid in a vacuum have been cooled as far as —70° before all of 
them crystallized.’ 

5. Dahler and Hirschfelder* have concluded that “a major factor contributing 
to this failure of the cell theory is the artificially high degree of order built into the 
model. Although it has often been supposed that this order could be disrupted by 
introducing holes or empty cells into the theory, we find that the slight increase of 
entropy which accompanies the introduction of such a hole is more than offset by 
the enormous amount of energy required for its production.” 

6. Alder? has stated results of his studies of the liquid state in part as follows: 

“Our Molecular Dynamics studies give no support to the lattice concept of the 


liquid state....The solid is regularly ordered, with excursions from lattice points 
taking place, but they are never large enough for tae molecule to escape. The 


transition occurs when such an excursion is simultaneously accompanied by move- 
ment of surrounding molecules out of the way. Once this has happened, the whole 
region becomes disorganized, and subsequently no discernible order is present, and 
no holes can be observed.” 

The purpose of this paper is to present one more piece of simple, direct evidence. 

Meta- and para-xylenes, in the liquid state, differ but slightly in their thermo- 
dynamic properties. They boil within 0.8°C, and their heat capacities, deter- 
mined by Pitzer and Scott,® are identical within the limit of error. Their molal 
volumes, calculated from densities by Massart,'’ plotted against temperature in 
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TEMPERATURE 


Fig. 1. 


Figure 1, are parallel within 0.5 ce between 100° and the freezing point of p-xylene, 
13.2°. Meta-xylene continues as liquid down to —47.9°. 

In order to make it clear that “solid-like” aggregates, if present, would diminish 
molal volume, we determined the molal volume of solid p-xylene. A sample 
melting within 0.5° of the “best”? value was placed in a dilatometer consisting of a 
eylindrical tube 1 em in diameter provided with a capillary stem of 2 mm internal 
diameter 

The dilatometer was filled with liquid, approximately 7 cc. This was degassed 
by alternate freezing and melting under moderate vacuum. It was then frozen 
very slowly from the bottom up by gradually lowering it into a bath at a tempera- 
ture of ~10°. By this procedure, the liquid above the solid flowed down and filled 
the space produced by the contraction accompanying freezing. The position of the 
surface of the solid was read on an attached scale; the solid was melted, and the 
position of the liquid meniscus read. Repeated determinations agreed in giving the 
shrinkage on freezing as 16.8 + 0.1 per cent. Taking the molal volume of the 
liquid at its melting point according to Massart’s figures as 122.5 cc, the molal 
volume of the solid just below the melting point is 101.9 cc, as shown in Figure 1. 

The near identity of the molal volumes and of the heat capacities of these two 
isomers above 13.2°, contrasting with the enormous difference in their freezing 
‘solid- 


‘ 


temperatures, is surely inconsistent with any content in either isomer of 
like’ aggregates. The p-xylene is not ‘‘aware,”’ even at 15°, of what it is about to 


undergo at 13.2°; the freezing is a completely discontinuous process. 


Phis work has had the support of the Atomie Energy Commission, 
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ON THE CONTAINMENT TIME OF A PLASMA: AN IMPORTANT ERROR 
By JosepH SLEPIAN 


1115 LANCASTER STREET, PITTSBURGH IS, PENNSYLVANIA 


Communicated October 23, 1961 


In the book by Glasstone and Lovberg, Controlled Thermonuclear Reactions 
(Princeton: D. Van Nostrand Co. Inc., 1960), prepared under the auspices of 
the AEC, are given on pages 51 and 52 a pair of equations, (3.9) and (3.10), leading 
to (3.12), which are supposed to hold in the steady state of a completely ionized 
plasma. I have found that there is an important term, —n,m,v,-Av,, which has 
been omitted from equation (3.12) and which wholly changes the degree of con- 
finement that may be obtained for a simply connected completely ionized plasma. 

Let us write, anticipating the equations (3.9) and (3.10) of Glasstone and Lov- 
berg, the actual equations of a plasma, making no assumptions as to a steady state 


OV l 
= nan 9 — v vv] + 7 IE + (c x B) | Voi + P;.; (1) 
c c 
[ 
+ v,:-Vv.] — viet fas 4 '. 8 Vp. + ara 
c 


Here, P,, is the force exerted upon the ions by the electrons passing through them, 
and P,, 


so that by Newton’s law of momentum, 


is the force exerted upon the electrons by the ions passing through them, 


(3) 


We can therefore eliminate P,, 


and P,, by adding the two equations to each other. 
But first we let n; = n,. Next, assume that we have a steady state so that dv,/dt = 
0 and dv,/dt = 0. Lastly, assume that nm,v,-Vv, is completely negligible com- 
pared with nm,v;-Vv; because of the smallness of m, compared to m 


Adding the two equations, we get 


l 
—nmv,:Vv; + -(j X B) Vp 


( 


instead of the equation 


| 
(j X B) = Vp. G.& L. (3.12) 


Cc 


The term —nm,v;-Vv; omitted from the equation G. & L. (3.12) makes all the 
difference. With it retained in (4), there is no improvement in the containment 
time of a completely ionized simply connected plasma by subjecting the plasma 
to a magnetic field. The equation 


p+ B?/8r = constant, G. @& L. (3:15) 


which is a consequence of G. & L. (3.12), is widely used by workers on nuclear 
fusion and it may no longer be appealed to. 
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The answer given to my Letter to the Editor! was quite unsatisfactory.? By 
going to a doubly connected region containing the plasma* the requirements for 
nuclear fusion for practical power applications may be met. 

Other important papers and books make the same mistake of omitting from 
their equations the term —nm,v;-Vv;." ° 

1 Slepian, J., Physics of Fluids, 3, 490 (1960). 

2 Simon, A., Physics of Fluids, 3, 490 (1960). 

3 Slepian, J., these Proceepinas, 47, 313-319 (1961). 

‘ Ibid., 47, 1173-1175 (1961). 

5 Jbid., 47, 1680-1683 (1961). 


THE CRYSTAL STRUCTURES OF WOLLASTONITE AND PECTOLITE 
By M. J. BurrGcer ANp C. T. Prewirr 
CRYSTALLOGRAPHIC LABORATORY, MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
Communicated October 18, 1961 
Wollastonite, CaSiO;z, and pectolite, CasNaHSi,09, belong to the same mineral 
family. They have the same symmetry, 71, and similar cells: 


Wollastonite Pectolite 
94 A 99 A 
O7A 7.02 A 

90° 02’ 90° 31" 

95° °22" O5° 14’ 

103° 26’ 102° “28° 
6CaSi0; 2CaoNaHSixOo 


7.94 7.99 4 
7.32 A 7.04 A 
: ; 


The structure of pectolite was solved by Buerger’: ? and the structure of wollastonite 
was solved shortly thereafter by Mamedov and Belov.* Curiously enough, al- 
though the two structures have rather similar arrangements, they are not the 
same, and they are described by different sets of coordinates for corresponding 
atoms. 

For two crystals of the same family to have different coordinates suggests that 
one of the structures might be incorrect. Since pectolite was solved in this labora- 
tory, we were prejudiced in favor of the correctness of that structure. Accordingly 
we attempted to fit the wollastonite structure to the pectolite pattern with curious 
consequences which are noted below. 

Attempts to Solve the Wollastonite Structure from Patterson Projections—The 
structure of pectolite had been solved from the Patterson projections P(ay), P(yz), 
and P(xz). These were based upon intensities determined from precession photo- 
graphs. The intensities were rather crude since a coarse crystal had been used, 
and the ihtensities had not been corrected for absorption. In spite of these poor 
data, the structure was readily solved by constructing minimum functions based 
upon these three Patterson projections. 
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The same strategy, when applied to wollastonite, was not successful. Pat- 
terson peaks corresponding to the Ca;+2 inversion peaks in pectolite were used 
for image points, and they gave pectolite-like projections. But the structures 
corresponding to these projections had excessive distances from Si; to some of the 
oxygen atoms of its tetrahedron, and their structure factors had high values of R. 
This failure was attributed to poor data, so that, in due course, a new set of in- 
tensities was measured with the aid of a single-crystal diffractometer. 

New Diffractometer Data~—The copper hemisphere for wollastonite contains 
1,769 reflections. The intensities of all of these which were within recording 
range of our instrument (namely 1,503) were measured with the aid of a special 
diffractometer’ using a Geiger tube as detector. Due care was exercised not to 
exceed the linearity limit of the detector. The resulting data were corrected for 
Lorentz and polarization factors, and then an approximate absorption correction 
was applied.‘ 

The Three-Dimensional Patterson Function and Its Solution.—The resulting 
F(hkl)’s were used to compute a three-dimensional Patterson function. This 
was studied in sections parallel to (010) made at intervals of 6/30. 

Although this Patterson function did not have a clear-cut indication of the 
obvious image point to be used to start the minimum-function routine, as pectolite 
had, a peak was present in a location corresponding to that of a Cai,» inversion 
peak in pectolite. This was used in forming an 1/.(xyz) function. This preliminary 
function yielded an approximation to the substructure? which closely resembled 
that of pectolite. This revealed the location of Ca; (corresponding to Na of 
pectolite) and this atom location permitted construction of another M.(ryz)function. 
With these two M.(zryz) functions, a stronger M,(xyz) function was formed. This 
still resembled pectolite, except that appropriate locations for O; and Og, could not 
be found, and an ambiguity existed in placing Si;, Siz, and Os. None of the struc- 
tures based upon this solution of the Patterson function had a small value of R, 
and none could be refined below R= 26%. 

Since a pectolite-like model of wollastonite had evidently failed, the model pro- 
posed by Mamedov and Belov? was tested. Using our new values of F(hkl) and 
Mamedov and Belov’s coordinates, the initial value of R was 31%, and this 
proved to be refinable, as noted later. 

It seemed desirable to re-examine the Patterson function in the light of these new 
coordinates. Accordingly, they were used as a basis for finding the Ca;+2 inversion 
vector, and this was used to decompose the Patterson function. As in the earlier 
trial, this permitted forming an M,(ryz) function, then an M,(xyz) function based 
upon all the calcium atoms. The resulting peaks of the final minimum function 
located all the atoms of the model on which the original inversion peak was based, 
and with correct weights. It was therefore evident that this solution of the Pat- 
terson corresponds to the actual structure of wollastonite. But it is also true that, 
as discussed in the first part of this section, if a pectolite-like image point is used as 
a start, a pectolite-like structure is predicted. This curious situation made it 
advisable to check the correctness of the pectolite structure. (The confirmation 
and preliminary refinement of the pectolite structure are reported in a subsequent 
section of this paper.) 

Refinement of the Wollastonite Structure—Mamedoy and Belov based their 
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solution of the wollastonite structure on finding sign relations among 204 AOl 
reflections. This provided signs for 30% of the reflections and permitted com- 
puting a crude electron-density map. With the aid of the peaks of this map, 
and on the basis of experience with cuspidine and xonotlite, the Patterson projection 
was interpreted. This gave a model for which R = 24% for 224 reflections. Fur- 
ther refinement of this important structure is obviously called for. 

We started with our extensive Geiger-counter data for 1,503 F(hkl)’s and Mamedov 
and Belov’s original coordinates (except that they were transformed to the pectolite 
origin by adding '/2 0 '/,). We employed Busing and Levy's least-squares re- 
finement program’ for the IBM 704 computer, using an appropriate weighting 
scheme. After the initial cycle to find an approximate scale factor, the value of 


R started at 31%. 
After four cycles of refinement using reasonable fixed isotropic temperature 


factors, the value of R was reduced to 11.4%. The isotropic temperature factors 
(as well as coordinates) were allowed to vary in three succeeding cycles, and this 
reduced R to 9.3%. An additional cycle in which the anisotropic temperature 
factors were refined reduced R to 8.9%. The final coordinates of the atoms, 
their standard deviations, and their isotropic temperature factors are listed in 
Table 1. 

Attempt to Fit Pectolite into a Wollastonite Pattern.—Wollastonite and pectolite 
have long been regarded as members of the same family. Yet the structure pro- 


TABLE 1 
REFINED COORDINATES OF ATOMS IN WOLLASTONITE (UPPER VALUES) AND PECTOLITE (LOWER 
VALUES), ALL REFERRED TO PECTOLITE ORIGIN* 
x a(x) y a(y) z alz B 
1985 0.0001 0.4228 0.0001 0.7608 0.0001 
143 0.404 0.854 
2027 0.0001 0.9293 0.0001 0.7640 0.0001 
157 0.916 0.861 
4966 0.0001 0.2495 0.0001 0.4720 0.0001 
148 0.735 0.656 
1852 0.0002 0.3870 0.0002 0.2687 0.0002 
221 0.402 0.337 
1849 0.0002 0.9545 0.0002 0.2692 0002 
210 0.954 0.344 
3970 0002 0.7235 0002 0.0560 0002 
151 0.735 0.148 
429] 0005 0.2314 0006 0.8019 0005 
348 0.212 0.875 
1008 0005 0.7259 0006 8302 0005 
322 0.702 943 
3037 0005 0.4635 0006 1641 0006 
185 0.496 538 
3017 0005 0.9374 0006 4655 0006 
171 0.839 541 
0154 0005 0.6254 0006 7343 0006 
070 0.393 me 
0175 0005 0.1319 0006 7353 0006 
053 0.896 179 
2732 0004 0.5118 0005 0919 0005 
396 0.533 275 
2713 0005 0.8717 0005 0940 0005 
402 0.906 Zio 
2188 0005 0.1784 0005 2228 0005 
260 0.182 0.381 


s designations for atoms of wollastonite in parentheses. Because of the poorer intensity data for pectolite 
rd deviations of coordinates and individual temperature factors are omitted. 
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posed by Mamedov and Belov for wollastonite and that proposed by Buerger for 
pectolite (and later by Liebau® for schizolite) are different. Since we confirmed the 
correctness of the wollastonite structure, there arose a suspicion that the structure 
proposed for pectolite was incorrect, and that it perhaps had the wollastonite 
structure. 

From the earlier investigation? there were available the following sets of reduced 
intensity data: F?(hkO), F?(AOl), and F?(Okl). ™ addition, the Patterson projec- 
tions based upon these sets of F?’s were available, namely P(ry), P(xz), and P(yz). 

One of the fundamental differences between the wollastonite structure and 
Buerger’s pectolite structure is the location of Ca; and Cay. These atoms were used 
in the original pectolite investigation for the initial M, minimum functions which 
were used to solve the structure. The locations were found by making use of 
the conjugate-peak relation. 

Knowing the general location of Ca; and Ca, in wollastonite, a peak was found 
in the Patterson projection P(xz) of pectolite whose location would correspond 
to an invesrion peak for Ca; and Cag if these atoms had the locations they have in 
wollastonite. A minimum function M.(xz) was found using this peak as an image 
point, and interestingly enough, a wollastonite-like pattern of peaks was revealed. 
The other two projections of the structure, namely M.2(zry) and M.(yz), were formed 
from the Patterson projections P(ry) and P(yz). Each had a wollastonite-like 
pattern. 

These projections provided the approximate values of the three coordinates 
xyz for each atom. But this structure turned out to have a discrepancy R(hkl) = 
62% based upon the reflections F(hkO), F(hOl), and F(Okl). Anattempt was made 
to, refine these three sets together by least-squares as described later, but R(hk/) 
could not be reduced below 52%. In spite of the possibility of forming minimum 
functions having a wollastonite-like pattern of atoms, such a structure cannot 
be refined and must be incorrect. 

Preliminary Refinement of the Pectolite Structure-—Since pectolite evidently 
does not have a wollastonite-like pattern of atoms, it appeared that the solution 
of the pectolite structure given by Buerger? was probably correct. The original 
structure determination included a modest refinement by difference maps which 
left the discrepancies at 


R(hkO) = 16%; R(Okl) = 21%; R(hOl) = 25% 


To improve this state of the structure, the original sets of F(hkO), F(Okl), and F(A0L) 
were treated together as a single three-dimensional least-squares refinement with 
a different scale factor applied to each set, using the Busing and Levy program for 
the IBM 704 computer.’ In two cycles the refinement converged to a set of co- 
ordinates for which the over-all R(hkl) was 17%. Considering the crude nature 
of the original intensity measurements, this can be regarded as a successful re- 
finement, and it confirms the correctness of the original pectolite structure deter- 
mination. The new values of the coordinates are given in Table 1. 

Comparison of the Pectolite and Wollastonite Structures——As a result of this 
investigation it is evident that wollastonite and pectolite, though belonging to the 
same mineral family, have distinct but related structures. The relations between 
the two structures will be discussed in a forthcoming paper. 
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ON BLOCKS OF REPRESENTATIONS OF FINITE GROUPS 
By RicHArD BRAUER* 
HARVARD UNIVERSITY 


Communicated October 20, 1961 


The blocks of representations of a finite group G have been studied in several 


previous papers.! Here, a number of further results are given which are needed for 
application of this theory to an investigation of the structure of groups of even 
order. 

1. Let G be a group of finite order g and let p be a fixed prime number. The 
irreducible characters x1, x2, . . ., x, are distributed into disjoint sets, the p-blocks 
of G. We shall denote by G° the set of p-regular elements of G and by x,° the re- 
striction of x, toG°. If Bisa fixed block, the functions x,° with x, € B generate 
a module 1/, with regard to the ring Z of integers. By a basic set ¢g for B, we mean 
any basis }¢,{ of My. Thus, 


X, > d,, ¢, for x,EB (1) 


p 


with dip E Z. For Lo» Co E ¥e, set 


the sum extending over all w with x, € B. Hence (c,,) is the matrix of a quadratic ‘ 
form Q. If ¢g is replaced by another basic set, Q is replaced by an equivalent 
quadratic form. 
It is well known that the irreducible modular characters in B form a basic set. 
In this case, the d,, are the decomposition numbers and the c,, are the Cartan in- r 
variants of B. We shall use the same terms in the case of an arbitrary basic set. 
Let d be the defect of B. We consider p* as fixed and shall say that a quantity is 
bounded if it is bounded for all p-blocks of defect d of all finite groups with bounds 
depending only on p*. In this sense, the dimension r of Vy and det(c;,) are bounded, 
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Hence, Q belongs to one of a finite number of classes of positive definite quadratic 
forms. As a consequence, we have 

THEOREM 1. There exist bounds y = y(p*) depending only on p* such that for 
each p-block B of defect d of a finite group, a basic set can be chosen such that the Cartan 
tnvariants are at most equal to vy. 

We remark that the union of basic sets ¢» for all p-blocks B af G is still linearly 
independent. 

2. Let P be a p-element of G, i.e., an element whose order p* is a power of p. 
By the section Sp of P, we mean the set of elements of G conjugate to an element 
PR, where R is a p-regular element of the centralizer C(P) of Pin G; R € C(P)°. 
Thus, if P ranges over a set of representatives for the conjugate classes of p-elements 
in G, each element of G belongs to exactly one Sp. If R € C(P)°, we can set 


x, (PR) = »» > di‘. oP (R). (3) 


Here, b ranges over the p-blocks of C(/’) and, for each b, p ranges over the indices of 
the elements ge of a basic set g. Moreover, the di, are algebraic integers of the 
field of p*th roots of unity which do not depend on R. We call the dé, the generalized 
decomposition numbers. 

Each p-block b of C(P) determines a p-block B = b°, cf. the papers quoted in 
reference 1. If we consider only x, € B in (3), it suffices to let b range over those 
blocks of C(P) for which b° = B. For ¢?, ¢f E wo, 


p 


7P »P _ P 
by Gos Gee. Cex (4) 
vs 
. P . P = Pp .« ‘ ‘ 
where yw ranges over the indices for which x, € B and where c¢,, is the Cartan in- 
variant of b. On the other hand, for the same range of yu, 


~ da, = 0 (5) 
F 
when P? and P’ are two nonconjugate p-elements or when P P’ but ¢f, of 
belong to basic sets of two distinct p-blocks of C(P). 

If b° = B, the defect do of b is at most equal to the defect d of B. If the basic set 
¢» is chosen in accordance with Theorem 1, lc) < y(p"). It follows from (4) that 
we have only finitely many possibilities for the matrix (d/,). This leads to 

THEOREM 2. For a given p*, there exist a finite number of possible types of p-blocks 
B of defect d. For each type, the set of generalized decomposition numbers {dt} is 
completely determined assuming that suitable basic sets are used. If the group C(P) ts 
given, the values of the x, € B for elements of the section of P are determined. 

We may assume that, for a fixed type, the defect group D of the block is given as 
an abstract p-group and that it is also given which conjugate classes of D are 
“fused” in G, i.e., are included in the same conjugate class of G. If P is not con- 
jugate to an element of D, then each x, € B vanishes on Sp. In the last part of 
Theorem 2, it is assumed that we know to which element of D (if any) P is conju- 
gate. 

3. Estimates for the number of types for given p* obtainable by the previous 
method would be extremely large. There are other methods available which also 
give Theorems | and 2 and which yield better results. These are based on the follow- 
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ing remarks: 1. The discussion of the Cartan invariants of C(P) can be reduced to 
the same discussion for C(P)/{P}. If P ¥ 1, the defect is reduced. We can there- 
fore use an inductive procedure to obtain the possibilities for the di, with a fixed 
P #1. 2. Consider the di, with fixed p and P as the coefficients of a column 
>’ with uw as row index. The columns with coefficients in Z which are orthogonal 
to all columns df with P ¥ 1 form a Z-module X._ By (5),d,! © X. Any Z-basis 
of X can be used for the set of columns 0,', assuming a suitable choice of the basic 
set. 3. In addition to (4) and (5), there are a number of other results which 
facilitate the discussion. In particular, congruences for the columns f° can be 
established. Also, Theorems 4 and 5 of the third paper quoted in reference 1 can be 
used; these results can be refined further. 

t. One of the p-blocks of G must contain the principal character yy = 1. We 
term this block the principal block By of G and state a number of results for Bo. 

THEOREM 3. Let b be a block of a subgroup H of G, let T be its defect group in H and 
assume that the centralizer of T in G is ineluded in H so that b° is defined as a block of G. 
Then b° is the principal block By of G if and only if b is the principal block by of H. 


It follows from this that for B = Bo, the sum >> in (3) consists only of the term 
b 


bo. This simplification is of importance for the applications. 
By the p-regular core K,(G@) of a group G, we mean the unique maximal normal 
subgroup of G of an order prime to p. 
THEOREM 4. The intersection of the kernels of the irreducible representations in the 
principal p-block By of G is the p-regular core K,(G) of G. 
This means that the principal p-block of G can be identified with that of G/A,(@). 
CoROLLARY. If n ts the sum of the degrees of the irreducible characters x, © Bo, 


then, 


n S (G:K,(G)) S [2n]!. (6) 


Indeed, the algebraic conjugates of x, € Bo lie again in By and hence DX. E By 
isa rational character belonging to a faithful representation of G/K,(G@). Now the 
right-hand part of (6) is obtained from a theorem of I. Schur* (even in a somewhat 
sharper form). The other part is trivial. 

THEOREM 5. Jf B is the principal block, the basic set gg can be chosen such that 
the constant 1 appears in wt and that all Cartan invariants c,, belonging to it lie below 
a bound yo(p") where p" is the highest power of p dwiding g. 


* This research was supported by the United States Air Force under Contract No. AF 49 (638)- 
287 monitored by the Air Force Office of Scientific Research of the Air Research and Development 
Command. 

1 Brauer, R., these PRocEEDINGS, 30, 109-114 (1944), 32, 182-186 (1946), 32, 215-219 (1946); 
Mathematische Zeitschrift, 63, 406-414 (1956), 72, 25-46(1959). Brauer, R. ,and W. Feit, these 
PROCEEDINGS, 45, 361-365 (1959). 

? Using results from the theory of quadratic forms, explicit estimates for y(p”) ean be given, but 
they are probably much too large. 

® Schur, I., Sitzungsberichte der Preussischen Akademie Berlin, Mathematisch-N aturwissenschaft- 
liche Klasse, 77-91 (1905). 





INVESTIGATION ON GROUPS OF EVEN ORDER, I* 
By RicHarp BRAUER 
HARVARD UNIVERSITY 


Communicated October 23, 1961 


1. Let G be a group of finite order g and let G be a subgroup of order g. If f is 


a complex-valued class function defined on G, i.e. a function whose value remains 
constant on each of the conjugate classes K,, Ko, ... AK, of G, then f can be ex- 
pressed by the values of the irreducible characters x1, x2, . . ., x, of G. If we can 
find a class function f on G, a class function f on G, and an element o of G such that 
f(c) = f(a), this yields a relation between the values of x1, x2, . . ., and the values of 
the irreducible characters Xi, x2, . . . of G for a. 

2. We shall assume that the order g is even. Then G contains involutions, i.e. 
elements of order 2. Let K, and Kg be two fixed conjugate classes of involutions. 
For any o € G, let f.g(¢) denote the number of ordered pairs (¢, 7) of elements of G 


such that 
in =.a, tek, ve Ry (1) 


Then fg is a class function. Let J, be a representative for the class Ay. If e(r) 
denotes the order of the centralizer C(r) of an element 7 € G, then, 


k 
(J eld g)fagla) = g D> xilJadxild g)xilo)/ xs, 
t=! 
where x; = x;,(1) is the degree of x;. 

The elements ¢ of G for which ¢~'sf is either ¢ or o~' form a subgroup C*(¢), 
say, of order c*(o). Thus, c*(o) is c(¢) or 2c(o). Since &€ and 7 in (1) are involu- 
tions, it follows at once that &-'s& = o~! and n~'o n = o~!, which implies &,n € 
C*(c). Moreover, we have 

LemMMA 1. J[f no element of K, transforms o into o—', then, 


faglo) = 9. (3) 


3. We shall use the same notation in G as introduced in G with tilde signs added. 
Thus, Ay, Ko, ... will denote the conjugate classes of G, ete. The remarks above 
yield at once the result: 

LEMMA 2. Suppose that G satisfies the condition 

G D> C*(ce). 
Let K,, Kg be classes of involutions of G. We can write 


K.NG= UK, K,NG= UK, 
- Mb 


If fy, has the same significance for G, Ky, K, as fag has for G, K., Kg, then, 
fag (¢) = 2 2. frulo), (6) 
» bu 


where the range of and u is the same in (5) and (6). 
4. It follows from §1 that (3) represents an equation between xi(¢), x2(),.. ., 
while (6) represents an equation between x:(), x2(o), .. . and xi(o), Xa 


1891 
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We can use the theory of blocks! to derive relations which can be handled more 
easily. 
Let p be a fixed prime and let P be a p-element of G. We shall take o = PR, where 
R isan arbitrary p-regular element of C(P). If no element of AK, transforms P into 
P~', no element of A, transforms o into o~! and (3) applies. In the case of Lemma 
2, we assume G D C*(P). This implies (4) foro = PR and (6) holds. We can now 
use the formulas (3) of Bl to express x,(PR) by means of the generalized decomposi- 
tion numbers dr and the values oF (R) of the functions of a basic set g for the 
p-blocks b of C(P). In the case of (6), the corresponding formulas can be applied 
in G; the same basic set ¢, can be used. Because of the linear independence of the 
union of the sets ¢g for all p-blocks b of C(P), the coefficients of each ¢,” in the re- 
sulting equations must be equal. This yields the following propositions: 
Proposition |. Let G be a finite group of even order. Let p be a prime, let P be a 
p-element of G, and let ¢,’ be a member of a basic set g for a p-block b of C(P). If 
J, and J, are two involutions of G and if no conjugate of Jin G transforms P into 


a 


P~', then for all p, 
Xn (JQ) x,(J gan, vu = 0. (7) 
Mu 


, G P 
Here, x, ranges over the irreducible characters of the block B = b", the d,, are the cor- 
responding generalized decomposition numbers, and x, = x,(1). 
Proposition 2. Let G be a group of even order g._ Let p be a prime and let P be a 
p-element of G. Suppose that G is a subgroup of order ~ of G such that G 2 C*(P). 
If J,,and J, are two involutions of G and if ¢, is a member of a basic set g, for a p- 


block b of C(P), then, 


9 xu Sa) Xu a) Uy/ ty, = Ge Sa) CI pV Myeahrys A pea! Kp (8) 
u 


Here, the notation on the left is the same as in (7) while on the right, u ranges over the 
2 ° ° ° ‘ ° 7y = G es . 

indices for which the irreducible character x, of G belongs to B = 6", &, = x,(1), and 

di)’ is the corresponding generalized decomposition number. Finally, 


Rue m > Xe (J) €(J,), (9) 
PN 


with {J,' ranging over a system of representatives for the G-classes included in the 
G-class of J,. The definition of h,g is analogous. 

The advantage of (7) and (8) compared to (3) and (6) is that if B is a p-block of 
defect d, then u here ranges over at most p™ values. Moreover, if p* is given, only a 
finite number of possibilities for the d%, d%, occur. Of course, the sum on the right 
depends only on G. 

5. If b = bois the principal block of C(P), then B = bo is the principal block of 
G. Its defect is the highest exponent n for which p” divides g. Then we may as- 
sume that 1 € ¢g. It follows from Bl, Theorem 5, that we may assume that all 
d'| lie below yo(p")'"?. If ¢,” = 1, then for the principal character xo € Bo, 
d' = 1. If the sum in (7) for a = 8 is denoted by u, either u cannot differ too 
much from 1, or there must exist a x, # xo in B such that x,(/,)?/x, lies above a 
positive bound depending only on p". 


The following theorems can be obtained by this method. 
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THreoreM |. Let G be a group of even order g and let J be an involution of G. Let 
p be a prime, g = p"go with go © Z, (go, p) = 1 and let P be a p-element of G. Finally, 
let A > 1 bea given real number. Then, we have at least one of the following two cases: 
Case I. The value of g is determined approximately by C*(P) and c(J/); 


; A 
44 c(J)%e*(P)v Sg S Pan e(J)?c*(P)n, (10) 


where v is a positive real number depending only on C*(P) and the set of elements of 
C*(P) conjugate to J in G. 
Case II, There exists a character x, ~ xo in the principal p-block By such that 
Lr, < Ap yo(p")” *x,(J)?, (11) 
where yo(p") is the bound in Bl, Theorem 5. 

Remarks: 1. For0< A, either the left inequality in (11) holds or the statement 
of Case IT is true. 

2. In Case I, we have 'v| < p?"y(p")'/*l. where | is the number of classes of 
C(P*) included in the G-class of J. For p = 2, we have |v} < yo(p")'”?. 

THEOREM 2. Jf P and P~ are not conjugate in G, then v = 0 and we must have 
Case IT, 

In Case II, the kernel of the irreducible representation belonging to x, is a normal 
subgroup N # Gof G. This leads to 

THEOREM 3. Jn case IT of Theorem 1, there exists a normal subgroup N # G of G 
which includes the p-regular core K ,(G) of G and is such that 

(G:N) S [2Ap*yo(p")" 2e(J) }!; 

(G:N) S [2Ap*yo(p")”*(C(): KeC(J))]! for p = 2. 

5. We shall say that a group G is corefree with regard to p, if }1} is the only 
normal subgroup of order prime to p, i.e. if K,(@) = }1}. 

Let H be a given p-group. The question arises whether or not there exist in- 
finitely many corefree groups G with H as their p-Sylow group. We can answer this 
question when p = 2 and A is abelian. 

THEOREM 4. Let H be an abelian 2-group. There exist infinitely many groups G, 
corefree with regard to 2 and with H as their 2-Sylow group, if and only if H has a direct 
factor which is elementary abelian of type (2,2). 

THEOREM 5. Let H be an abelian 2-group of order 2” = 8 which has no direct factor 
which is elementary abelian of type (2,2,2). There exist only finitely many simple 
groups G with H as their 2-Sylow subgroup. 

* This research was supported by the United States Air Force under Contract No. 49 (638)-287 
monitored by the Air Force Office of Scientific Research of the Air Research and Development 
Command. 

‘Cf. the preceding paper, “On blocks of representations of finite groups,’’ these PRocEEDINGs, 
47 1888 (1961). This paper will be referred to as B/. We shall use the same notation here as in 
Bl. 





ON THE MAXIMAL ERGODIC THEOREM 
By E. M. Stein 
DEPARTMENT OF MATHEMATICS, UNIVERSITY OF CHICAGO 
Communicated by A. Zyqmund, October 2, 1961 


[ntroduction.—The maximal ergodic theorem of Hopf, in the version given to it 
by Dunford-Schwartz, can be stated as follows:' Let P be a linear operator which is 
simultaneously defined and bounded on L'(m) to itself and L“(m) to itself. Sup- 


pose, (1) || P|]; < land (2) ||P}. ¢ 1. Let 


n 


Mf(x) = sup > P*(f)(z)|. 
m+ 


Then 


with a substitute result for p i 

This theorem implies the analogue for one-parameter semi-groups 7, t > 0, 
satisfying conditions like (1) and (2) above. These maximal theorems have well- 
known implications for the existence almost everywhere and in the norm of the 
corresponding limits of operator averages. 

In some problems, such as in semi-groups for the heat equation, harmonic fune- 
tions, and other differential equations, the right analytic problem is the one dealing 
with the unaveraged limit, lim 7'(f). The question we shall deal with is when this 

t—>0 
stronger conclusion can be derived. As the semi-group of translation shows, some 
extra condition must be added to (1) and (2) above. Going .back to the discrete 
case, we shall assume in addition (3) that P is self-adjoint. Our result then is: 
Let P satisfy (1) and (3) above, ((2) is then redundant). 
THEOREM 1.2 [f f*(x) sup |P"(f)(x)|, then |if*llp < Apllfilp, 1< pK @. 


O<n<o 
Proof of Theorem 1: We remark that our hypotheses show ||P)|, < 1,1 < p< ©, 
by a duality argument and by the use of the Riesz convexity theorem. Next, we 
can assume that ? is nonnegative (in the Hilbert space sense). For otherwise we 
consider J, P?, P4, , and P, P*(P), P*(P), ..., replacing P by P?. Thus, we 
have in the spectral decomposition P = fodAdE(A). We begin with the special 
Case p 2. 

LEMMA 1. f* |e 

By Abel’s lemma, 
+ iP — PP), 


Lies 


and hence IP"(f) (x) — (l/m+1)] 2 P* (fw)? < TkCPF — P*—")f(z)\?, and thus 
k 0 k=1 
f*(x) < Mf(x) + RU, x), where R?(f, x) Dki P*(f)(x) — P*—(f)(x)/?. However, 
R(f)\is = DkiP*f) — PPPs o (SAA — AF+DAIBSIS < Sod llE.Sil3 
fila, since Tk|A*¥ — M+ CLO <A< 1. 
Thus |if*}l2 < || Mfile fis, and hence the lemma is proved using the known 
result for Mf. 
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We now set A°P” Pe A PP? = P*-), A P*:— ZR) 
ete., A’P" = A(A’'P”). We let f-(a) = sup,|(m + 1)'A'P"f(x)|, where r is a non- 
negative integer. Note that fo(7) = f*(7). We can prove in the same manner 
as above, 


. 


LemMMA 2. iif, lie < A,Ilf 


We now introduce Cesaro sums of negative and complex order.’ In fact, let 


a + 78, and set S> > An_,F*, Sa(z) » A*_,P*(f)(x), where 


1 n u 


r (rX FDA + 

oe k! 

ure the binomial coefficients. Notice that S> ATP* AE —r-— 1,ranon- 
negative integer. Define S2(r) by Str) = Sup,|(m + 1)—~-S<(x)|. We re- 
mark that S¥(x) Mf(x) and Ss '(x) f*(r). From Lemma 2 and estimates of 
the type used in a previous paper,® we obtain 

LEMMA 3. Sk(x)\lo < Age ifile, A a+ 70. 

This result will be used when a@ is negative. For positive a, we obtain an L? 
estimate below. In fact, a calculation similar to those above shows Si(x) < Ae?’ 
Mf(x),\ = a+ 78, if a>0. Hence, using the known result for Wf, we have 

Lemma 4. |!S%(x)|l, < Apae Ilfll 1< pK”, a>QO. 

Consider now a_positive-integer-valued measurable function, n(v), and set 
Ry(f)(v) = (n(x) + 1)-*-4S* (x). Then, the inequalities of Lemmas 3 and 4 
can be written respectively as ||Ryfil2 < Age |fils and ||Ryf\\? < Agar Silo» 
with the bounds independent of the function n(x). An application of a convexity 
theorem! to the analytic family of linear operators ; Ry > then shows that || R-1(f)|| » 
Ss Ale tes 
such functions n(x), we get ||Se'(x)||, = | f*(x)||, < A,iifil, 1 <p < ©,and 


1 <p < o, with A, independent of n(x). Taking the sup over all 


the theorem is proved. 
Coro.uuary 1. Jf in addition, P satisfies (Pf, f) 2 0, theniffEL?, 1<p< @, 


lim P"f exists almost everywhere and in the norm of L?. 


In view of the majorization contained in theorem 1, it suffices (because of well- 
known arguments) to consider a dense subset of L?. This can easily be done for 
functions f, of the form f, = H(L — &)f + [E(1) — E(U1-)\f, « > 0, where E(A) is 
the spectral family of P = fo'AdE(A). Note that f, > fin L? norm. 

A continuous analogue of Theorem | may also be obtained from it without diffi- 
culty. We consider a one-parameter semi-group } 7", t > 0} of operators bounded 
simultaneously on all L?(m), which satisfy in addition (1) | 7"), < l,l < p< @, 
(2) each 7" is self-adjoint, (3) 7 is strongly continuous at ¢ = 0 in the ZL? norm. 
Then it can be shown that for each fEL?, 1 < p< @, T'f(x) = f(x, t) can be rede- 
fined in a natural way on a set of x measure zero for each ¢, so that f(x, ¢) is continu- 


ous in0 <t< ©, foralmost every x. Thus f*(x2) = sup |7''(f)(x)| is a well-defined 
O<t<« 
measurable function. We have, 
Coroutuary 2. IffEL?(m),1< p< o, then ||f*||, < Ap|/f||,, and lim T(f)(x) = 


t—O 


f(x) almost everywhere. 
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A Purely L? Variant.—It is of interest to obtain a version of Theorem | where the 
hypotheses and conclusions are limited to L?. We assume in this section that 
(1) P is self-adjoint, ||P}. < 1, and (2) Pf > 0, if f > 0. We again set f*(x) = 
sup \P"(f) (x) : 

0 n x 

THEOREM 2. |/f*llo < Allfile. 

Here we cannot use the Hopf-Dunford-Schwartz theorem but we must begin 
from scratch. We define the operators A(n) by A(n) = > P*. Thena 

n+ ly=0 
straightforward calculation, using the positivity of P*, shows that A(n)(A(m)f) < 
2[A(2n)f + A(2m)f], if f 2 0. Define Mf(x) = sup,|A(n)f(x)}.. Assume momen- 
tarily that f > 0, fEL*, and MfEL?. Let n(x) be any positive-integer-valued 


measurable function. From the above inequality, it may be shown® that || A (n(2) 


)- 
f(x)\|5 < 4) Mfile!fiie. Taking the sup over all functions n(x), we get Mf\|\» < 


| fo. Now it iseasily seen that the class of fE L? for which MfEL? is dense in L?; 
thus | Mfji2 < 4//f/l, for all fEL?. From this, it follows that ||f*|}2 < A||f//2as in 
the proof of Lemma 1. This proves Theorem 2. In the same way as above, one 
deduces 

Corotiary 3. Let P satisfy the conditions for Theorem 2, and in addition (Pf, f) 

0. Then if JEL*(m), lim P"(f) exists almost everywhere and in the L? norm. 

A continuous analogue may be stated as follows. Let {7'', t > 0} bea semi- 
group of positivity-preserving self-adjoint operators on L*, which is strongly con- 
tinuous at ¢ 0 and so that | 7"'|}2 < 1. We may then redefine T'f(x) = f(a, t) 
so that it is continuous in0 <t< «,foralmost every x. We set, as before, f*(x) = 
sup |T''f(a)|. 

O<t 


Corouiary 4. If fEL*(m), then |\f*\2 < Alfio, and lim T'f(x) = f(x) for almost 


t—>0) 
every x. 

Applications. We sketch Briefly several typical applications. 

(i) Let K(a, y, t) = See, (x)¢,(y), t > 0 be an Abel kernel for a given 
orthonormal system | ¢,(x)}. The crucial condition f |K(2, y, t)|dy < 1 is satisfied 
for appropriate }\,,{ for many classical expansions (e.g., the ultraspherical, Hermite, 
and Laguerre expansions). Corollary 2 applied to T'f = f{ K(x, y, Of(y)dy yields 
almost everywhere and dominated Abel summability for these expansions for 
function in L?. 

(i) More generally, let L(f) be a Sturm-Liouville operator taken on an interval 
(a,, a2) with appropriate restrictions on the coefficients and boundary conditions. 
H. P. McKean’ has obtained one-parameter semi-groups satisfying the conditions of 
Corollary 2, so that T'f(x) = f(a, t) satisfies Lf(a, t) = Of(x, t)/ot. For these semi- 
groups, Corollary 2 again yields pointwise and dominated Abel summability for the 
spectral expansion of functions with respect to the operator Z. The result may 
also be viewed as the almost everywhere and dominated convergence of solutions of 
the “diffusion” equation Of/dt = L(f) to their initial values. A similar result holds 
for any diffusion equation whose corresponding one-parameter semi-group satisfies 
the conditions for Corollary 2. 
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' See Dunford, N., and J. T. Schwartz, J. Rational Mech. Anal., 5, 129-178 (1956). In what 
follows, m will denote a general measure space with points 2, y, , and measure dz. 

2 The case p = 2 of the theorem is due to D. L. Burkholder and Y. 8. Chow, Proc. Amer. Math 
Soc., 12, 490-495 (1961). This article was brought to our attention by G. C. Rota. We had 
independently obtained the general theorem in 1958, but did not publish it. Recently Rota has 
obtained another approach to the theorem which will appear elsewhere. See also C. Herz, 
Proc. Amer. Math. Soc., 12, 229-233 (1961). 

> These notions were used in the article of E. M. Stein and G. Weiss, Tohoku Math. J., 9, 318-339 
(1957), especially section 3. 

‘Stein, E. M., Trans. Amer. Math. Soc., 83, 482-492 (1956). 

5 See the argument in R. E. Paley, Proc. London Math. Soc., 31, 289-300 (1930). 

5 In the cases mentioned, the kernels are nonnegative. See G. N. Watson, J. London Math. 
Soc., 8, 189-192, 194-199, 289-292 (1933). 

7 McKean, H. P., Trans. Amer. Math. Soc., 82, 519-548 (1956). 


HEAT-RESISTANCE OF THE TUMORIGENIC NUCLEIC ACID OF SHOPE 
PAPILLOMATOSIS* 
By Youet [rot 
DEPARTMENT OF MICROBIOLOGY, SCHOOL OF MEDICINE, UNIVERSITY OF WASHINGTON 


Communicated by Frank L. Horsfall, Jr., October 17, 1961 


Previous studies from this laboratory have demonstrated that nucleic acid- 
containing extracts of papillomatous tissue from wild cottontail rabbits can induce 
tumor in domestic rabbits.'~* The biologically active factor in the extract is 
known to be DNA in nature. Recently Watson and Littlefield have reported that 
the nucleic acid of Shope papilloma virus is a double-helical DNA and has a melt- 
ing point (T) of 89.5°C.4 Since the Shope papilloma virus is known to be in- 


activated by much lower temperature (70°C, 30 min.),° the following questions 
occurred to us: (1) is heat-inactivation of this virus the result of denaturation of 
the viral protein rather than nucleic acid, and if so, (2) how would exposure of the 


“tumorigenic DNA” to a temperature above the melting point affect its biological 
activity? To answer these questions we investigated the biological activity of 
nucleic acid extracted from Shope papilloma virus completely inactivated by heat 
and also studied the tumorigenic activity of the nucleic acid-containing extract 
after exposure to 100°C. 

Materials and Methods.—The starting materials for the virus and the nucleic acid extracts were 
the glycerinated warts of wild cottontail rabbits originally collected in Kansas (Earl Johnson 
Farm). <A part of the material from the same source was kindly provided by Dr. R. E. Shope of 
the Rockefeller Institute. The virus preparation was a 10 per cent (v/v) extract of cottontail 
papilloma tissue in phosphate-buffered saline’ without magnesium and calcium (PBS). Five ml 
of virus preparation was exposed to a temperature of 70°C in a heated water bath for a desired 
period of time. After the thermal treatment, 1 ml was saved for a test to detect surviving intact 
virus. The remaining 4 ml was subjected to phenol extraction with an equal volume of 80 per cent 
phenol in PBS. The procedure has been described in detail in the preceding paper.! To pre- 
cipitate the nucleic acids, 2 volumes of cold ethanol were added to the final aqueous solution of 
the extract and the precipitate was taken up in 1 ml of PBS. 

The tumorigenic nucleic acid extracts used for the heating experiments were prepared by our 
standard procedure! and had a DNA content of approximately 200 to 250 ug/ml as assayed by 
the modified diphenylamine method of Burton.?, Two kinds of preparations,’ ‘‘undiluted’’ and 
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alcohol ‘“precipitated,”’ were employed. The extracts (0.5 ml) were placed in a rubber-capped 
glass tube and immersed in a boiling water bath for a desired period of time. After heating, the 
material was either slow or fast. cooled according to the criteria introduced by Doty and Marmur 
and their group.* * For fast cooling, the extracts were placed immediately in an ice-cooled water 
bath. The slow cooling was carried out by transferring the extracts to a bath with 6 liters of water 
preheated to 90°C. The heater was turned off and the bath was left at room temperature to cool 
down gradually to 50°C. In a typical experiment, the drop of the temperature took the follow- 
ing time course: 90°—0 min, 80°—20 min, 70°—60 min, 60°-110 min, and 50°-170 min. 

The tumorigenic activity of the virus and the nucleie acid extracts was tested by inoculating 
0.1 ml of the test preparation into clipped and shaved areas of skin of domestic rabbits (New 
Zealand White Breed) by the intradermal injection and puncture method.’ 


Experimental._-Recovery of tumorigenic nucleic acid extracts from the heat-inacti- 


vated Shope papilloma virus: From the data listed in Table 1, it has been shown 


that the nucleic acid preparations extracted from the Shope papilloma virus com- 
pletely inactivated by heating at 70°C did indeed retain their tumorigenic activity. 


TABLE 1 


TUMORIGENIC ACTIVITY OF THE WHOLE VIRUS AND ITS NUCLEIC ACID EXTRACTS AFTER HEATING 
SHOPE PaprLLOMA VIRUS PREPARATION AT 70°C 
Time of No. tumors per Average 


exposure no. inoculation Per cent incubation 
min Preparation sites of take period (days) 
Q* Whole virus 6/6 100 : 
s Nucleie acid extrac 11/18 62 19 
30 Whole virus +1/16T 0) 
80 ‘1 : 0/16 0 
180 a es 0/16 0 
SO Nucleic acid extrac 9/16 56 
180 s iy 5/10 50 
360 + e 1/18 27 

* Unheated control 

t A scanty papilloma was seen after 60 days 
The exposure time in these experiments was 2.5 to 12 times longer than the minimal 
time required for total inactivation of intact virus. In addition to other criteria,’ 
these findings provide a temperature differentiation between the tumorigenic ac- 
tivity of Shope papilloma virus and of nucleic acid extracts. 

Resistance of Tumorigenic Activity of Cottontail Papilloma Nucleic Acid to Heat 
at 100°C.—A greater thermal stability of the nucleic acid moiety over the whole 
virus itself has been demonstrated in RNA viruses."” "The results of the present 
experiment have shown that the same general picture is also true of Shope papilloma 
virus. As shown in Table 2, nucleic acid extracts treated at 100°C for 5 to 30 
min produced tumor growth at the site of inoculation. Preparations heated for | 
hr failed to show the growth of tumor after 60 days of observation. Little dif- 
ference was encountered between fast and slow cooling. Although all prepara- 
tions heated up to 30 min yielded definite growth of the tumor, prolongation of 
incubation period was observed as the heating time increased. This suggests a 
partial loss of infectivity under these conditions. 

Discussion.—The tumorigenic nucleic acids employed in the heating experiment 
were about average preparations among our extracts in their capacity to induce 
tumor in domestic rabbits. Despite the high DNA content of 200 to 250 ug/ml, 
which is not of course representative of the content of tumorigenic DNA, the in- 
fectious level of DNA in the extract was only about 2 to 3 times that of the minimal 
infective dose (TDi = approximately 80-100 ug/ml). At this level, therefore, it 





Vou. 47, 1961 MICROBIOLOGY: Y. ITO 1899 


TABLE 2 
TuMmoriGENic Activity oF CorronTaIL PAPILLOMA NucLEIC AcID PREPARATIONS AFTER HEATING 
aT 100°C 
Time of DNA No. tumors per Average 
Experi- exposure content Mode of no. inoculation incubation 
ment min) Preparation ug/ml cooling sites period (days) 
l 0* Undiluted 207 15.: 
5 Undiluted % Slow 
Fast 
10 Undiluted se Slow 
Fast 


oe oe ote oe 


Precipitated 

Precipitated ti Slow 
Fast 

Precipitated 7 Slow 
Fast 

Precipitated Slow 
Fast 


to bo bo bo tS NS 


Undiluted 
20 Undiluted " Slow 
Fast 
30 Undiluted se Slow 
Fast 
60 Undiluted 7 Slow 
Fast 


bo bo bo bo bo 


* Unheated control. 


seems unlikely that the thermal stability demonstrated above is due to a great 
excess of active agent in the solution to start with. However, the 100 per cent 
inactivation time will vary with the concentration of tumorigenic DNA in the 
extract. 

Since our DNA preparation still contains an appreciable amount of orcinol (Bial) 
reacting substance and protein® in addition to cellular nonviral DNA, it is not 
possible at the present time to discuss the events taking place at the molecular 
level in heating and cooling of extracts. However, despite the presence of impuri- 
ties it is hard to believe that the DNA in the extract can remain “unmelted”’ after 
treatment at 100°C for 30 min when its 7’, is only about 90°C.‘ Assuming that 
melting does occur, it must be considered that either single-stranded DNA is 
able to initiate neoplastic growth, or else renaturation® has occurred. The UV 


absorption studies of Shope papilloma virus DNA by Watson and Littlefield sug- 
gested that there is renaturation of the heated Shope virus DNA. Further studies 


with DNA preparations of greater homogeneity may help to decide between these 
alternatives. 

Summary.—Shope papilloma virus preparations which had been completely in- 
activated by exposure to heat at 70°C were shown to yield tumorigenic nucleic 
acid extracts by the phenolic deproteinization procedure. The tumor-inducing 
capacity of the nucleic acid preparations obtained from papillomatous tissue of 
cottontail rabbits was demonstrated to survive treatment at 100°C for 30 min. 


The author wishes to express his deepest appreciation to Dr. Charles A. Evans for his thoughtful 
guidance and encouragement during the study and to Dr. R. E. Shope for the generous gift of 
cottontail papilloma tissue. He is also grateful to Dr. M. Gordon for helpful discussion and to 
Dr. 8. Gartler and Mr. O. R. Pavlevskis for carrying out the biochemical assays. 
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THE DISTRIBUTION IN THE TISSUES AND THE DEVELOPMENT OF 
H-2 ANTIGENS OF THE MOUSE*+ 


By OuGA Pizarro, Gustavo HorckKer, PABLO RUBINSTEIN, AND ALIcIA RAMOS 
INSTITUTO DE BIOLOGIA “JUAN NOE,’’ UNIVERSIDAD DE CHILE, SANTIAGO, CHILE 
Read before the Academy, April 27, 1961 


The study of histocompatibility antigens of the mouse by hemagglutination 
techniques has disclosed a striking complexity of the antigenic products of the 
H-2 locus and a rather disappointing simplicity, or the nonexistence in red cells 
of agglutinogens determined by other H-loci.1 The recognition of histocompati- 
bility antigens through hemagglutination has the further inconvenience of limiting 
the search only to those that are present simultaneously in the fixed tissues and 
in the red cells. In spite of these limitations, the importance of cell antigens (‘“H- 
antigens’’) for tissue compatibility in transplantation,?: * tolerance phenomena, runt 
disease,‘ enhanced growth of tumor homotransplants,* and the biological protec- 
tion of lethally irradiated animals,®: ® points to the need of more knowledge about 
these antigens. 


This report is an effort in that direction and refers to a study of the relationships 
between genes and antigens as observed in extremely favorable material, the histo- 
compatibility-2 (7-2) genes and antigens of the mouse. 


H-2 is a complex system of tissue- and blood-cell-antigens which are inherited 
as one block! *: °in much the same way as the Rh antigens” or some of the complex 
antigenic systems of cattle.'' The advantage of this material is shown by the 
existence of a number of inbred strains whose genetic constitutions are well known, 
and especially by the development by G. D. Snell of a series of stocks that differ 
at this particular locus but are otherwise isogenic—the so-called isogenic resistant, 
or IR strains.'* This makes it possible to obtain all genotypes needed, which is 
difficult or impossible in other species of mammals. 

The H-2 system of antigens is determined by a series of alleles, each one of which 
is characterized by a sort of antigenic code of the type shown in Table 1, where only 
7 out of 18 or more alleles and phenotypes known are indicated. The antigens 
listed are those already found both in the red cells and tissues. It is very probable 
that there are other antigens of this system, but they are not detected with hemag- 
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glutinin techniques and require other tests for their demonstration.! The prob- 
lems studied have been the distribution of these antigens in adult tissues and their 
development in ontogeny. 

Techniques and Materials.—In the experiments herein reported we have used mainly tissues 
from newborn and adult inbred A/Sn mice. Mice of this strain carry the H-2° allele which deter- 
mines more than 12 different antigens (see Table 1). Its red cells have the advantage of giving a 
peculiarly strong and clear-cut response to most corresponding isoantibodies. The distribution 
of H-2 antigens in adult tissues have also been studied in other inbred strains (C57BL/10 Bs; 
BALB/c; C3H; A.SW) with similar results to those obtained using A/Sn mice. No systematic 
attempt has been made to study the H-2 antigens of embryos or newborn C57BL/10.Bs and A.Sw 
mice, but the results of a few tests performed with these strains conform closely to the pattern 


observed in the A/Sn animals. 


TABLE 1 


SevEN H-2 ALLELES, THEIR ANTIGENIC PHENOTYPE, AND STRAINS CARRYING THEM USED IN THE 
EXPERIMENTS TO BE DESCRIBED 
H-2 
alleles H-2 antigenic phenotype Strains 
) H K MN A't B' C! - TY A/Sn 
-- — —N A! BC! - ; C57BL/10 Bs; 
Brachy 
d - — F H —-. - MN A' B'C! — — — — — C57BL/10 
H-2¢ 
e . fF —- — —-- ] A’ BIC! p! . - Y STOLI 
f _ = — . H - - Al —--—-——-.- A.CA 
rk Ac £€ St - H . — [TY C3H 
s — ¢ {FG-— . - — B--S§ .- — A.SW 


b 


* = negative; - not tested 

ft A!, B' C!, D! are provisional names for new antigens, Stimpfling and Pizarro.’ 

t Gorer' prefers to call this antigen D>. Allelic forms of antigens D, and K, D>, E4 and K?, respectively, 
have been described by Amos et al.’ and by Gorer et al.! 

Absorption of specific isoantibodies was effected with minces or homogenates of adult or fetal 
tissues which had been washed twice in isotonic saline, and the serum-tissue mixture was cen- 
trifuged at 2,000 g for 10 min. Usually one volume of the sediment was mixed with one volume of 
antiserum, diluted !/s or !/i., according to titer of the serum, and incubated one hr at 37°C. The 
absorbed antisera were tested against a panel of red cells from mice of different H-2 genotypes, 
chosen to show only one antigen at a time, e.g., ACA animals, carrying the H-2/ allele, that have 
antigen H in common with A/Sn mice. Therefore, this procedure is a useful device for showing 
the presence of antigen H when a multispecific antiserum such as A/SW anti A/Sn (anti-D, K, H) 
is used, 

In addition to these antibodies, this serum is known to contain others, but we have not con- 
sidered them in these experiments either because they are weaker and do not give satisfactory 
results, or because we do not have in our mice colony the strains needed for their demonstration 
This same situation applies to the other multisyecific sera. 

The antigens tested were D, E, K, and H. Isoantibodies against D, K, and H antigens were 
produced in mice of the isogenic resistant strain, A.SW, after 3 or 4 intraperitoneal injections of 
0.1 ml of A/Sn liver and spleen homogenates. A.SW carries the H-2° allele, determining the anti- 
genic phenotype C E F G B'S. Isoantibodies of strong titers are produced against antigens D, 
K, and H as well as some weaker ones.’ Anti-E antibodies were obtained by injecting C57BL/10 
Bs tissues, carrying the H-2” allele, into its IR counterpart, (C57BL 10-H-2"). Anti-CD anti- 
sera are obtained with the reverse combination: C57BL/10-H-2 tissues injected into C57BL/10 
Bs mice. The agglutination technique was that of Gorer, with Dextran and human serum used 
as conglutinating agents.!3 

Results.—Genetic experiments: In all species of vertebrates where these complex 
systems of antigens have been genetically studied, complete linkage between them 
has been the rule."° In mice, an added advantage has been the discovery of re- 
combination between groups of H-2 antigens with a frequency of about 1% by 
Allen,'* Gorer, and by the present communication. 
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TABLE 2 
FREQUENCY OF RECOMBINATION BETWEEN THE H-2 ANTIGENS D anp K 

Strains crossed A/Sn x Brachy 
Genotypes H-2¢/H-2¢ 
H-2 antigens DK c 
F, A/Sn A.CA Back-cross 

Brachy 
Genotype (H-2*/H-2°) (H-2!/H-2/) 
Antigens DK dk 
dk 


No. of B.C. offspring DK dk Dk 
123 90 l 
Parentals 98.6% Recombinations 1 


*d and k means ID and K antigens lacking. 


Table 2 shows the results of an experiment on linkage between H-2 antigens. 
A/Sn mice carrying the H-2* allele and H-2 antigenic phenotype: AC DE FH J 
Kk MN A' B'C! WY were crossed with Brachy animals carrying the H-2’ allele. 
The known H-2 antigens of Brachy are B E F N A! B' C!. Other H-2 antigens 
may be present also, but for our purposes it was enough to determine that Brachy 
differs from A/Sn mice in not having antigens D and K (see Table 1). The F*y’s 
between these strains were crossed to a third strain, A.CA, carrying the H-2’ allele 
and whose H-2 phenotype G H I A!* does not include D and K antigens. 

It can be seen that D and K crossed over in 3 out of 217 mice tested (1.38% 
crossovers), all of them males. Two recombinants had only K and no D (D- K+) 
and one had the reciprocal combination, i.e., D without K (D+ K—). The cross- 
over mice were progeny-tested by crossing them again with A.CA females and the 
segregation of the recombinant chromosome was clearly established. 

A second experiment, using the same type of F; hybrids back-crossed to C57- 
BL/10 Bs (H-2’), gave two crossover mice out of 123 animals tested. In both cases 
D— K+ animals were obtained (1.62%). The pooled results of both experiments 
give a crossover figure of 1.47% for the K and D antigens, which is in quite good 
agreement with those obtained by Gorer in female hybrids (1.4%). As the cross- 
over animals have transmitted their antigenic recombination pattern to their 
descendants, and the reciprocal products of recombination have been found to 
occur, there seems to be no need to postulate other mechanisms, such as gene con- 
version, for their occurrence. 

The physiological unity of H-2 antigens: The H-2 chromosome region of the 
ninth chromosome of the mouse, in spite of the relatively high crossover values 
observed, is concerned with similar functions: the determination of certain types 
of cell antigens. The similarity of the functions performed by the genetic units 
at this region is further emphasized by the fact that differences between hosts and 
grafts in any of these antigens will elicit a strong homograft reaction followed by a 
rapid rejection of the graft.': 2 Most, if not all other H-loci, are ““weak’’ compared 
to H-2."° Taken together, all these facts are strong arguments for the postulation 
that H-2 antigens are part of some common structure involved in important cell 
functions, whatever the functions may be. 


But. the similarity of gene products, analyzed by immunogenetic methods, gives 


no firm ground to assure that these gene products are related to each other. On 
the other hand, the relatively high frequency of crossing-over between some //-2 
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antigens would, at first sight, suggest at least two independent loci to be concerned 
with the determination of this antigenic system, and indeed this has been Gorer’s 
favorite assumption."® The observations to follow seem to support the hypothesis 
of a basic physiological unity of H-2, which thus could be considered as one gene. 

The distribution of H-2 antigens in adult tissues: The concentration of some cell 
antigens in different organs displays a remarkably uneven pattern. Within organs, 
different tissues may also show heterogeneity in the distribution of a given antigen. 
A good example of this phenomenon can be found in the distribution of A B H sub- 
stance in human tissues (see review in Glynn et al."). As could be expected, the 
pattern varies in different antigenic systems. The H-2 system, also displays this 
heterogeneity. A comparison of the ability of different tissues from inbred adult 
mice to absorb anti-H-2 isoantibodies indicates that H-2 antigens are present in 
most tissues. The results of absorption of the same batch of isoantibodies by 
the same organ from different animals is very constant. However, the antigenic 
contents of different organs from the same mouse vary considerably. The results 
of this type of test, using A/Sn tissues, is shown in Table 3. 


TABLE 3 
THe ABSORPTION OF Four ANTI-H-2 ANTIBODIES WITH DIFFERENT TISSUES FROM ADULT A/SN 
MIcE 


Titer of Isoantibodies* 
Absorbing tissue Anti-D Anti-K Anti-H 


15 


5 
} 
} 

8 


Unabsorbed 
Brain 
Muscle 
Testis 

Skin 
Kidney 
Spleen 
Liver 


15 
15 
I 
l 


l: 
I: 
| 
l 


A 


\ /\ 


6 


< 


A 


AN 
or Or OO 
Crore De www 


<5 


A 


* Numbers express loge of titer, e.g., number of last tube to show a + reaction. 


The same volume of fresh tissues has been used throughout. It can be seen 
that liver and spleen easily absorb all corresponding H-2 antibodies. The same 
high concentrations exist in lungs, developing mammary glands, ovary, and lymph 
nodes (not shown in Table 3). Muscle and testis show very low contents, and 
brain seems to lack them altogether. Kidney and skin have intermediate values. 
Gorer pointed out some years ago that red blood cells absorbed antibodies very 
poorly as compared with nucleated cells,'* a fact which we have confirmed. 

Aside from quantitative considerations, it can be seen in Table 3 that a close 
correlation exists between the quantities of all H-2 antigens tested, i.e. if one, for 
example D, is present in high concentration in one organ, then all others, viz., E, 
KX, and H, are present in the same relatively high concentrations. The converse 
is also true: muscle, testis, and brain contain small amounts of all four H-2 antigens 
tested. 

The development of H-2 antigens: Gorer observed that the red cells of embryonic 
and newborn mice did not react with saline isoagglutinins that were strong enough 
to give good titers with adult red cells.'8  Mitchison confirmed and extended this 
observation, using Gorer’s improved method of isoagglutination with human serum 
as a conglutinating agent.'® He concluded that some isoantigens (presumably H-2) 
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begin to appear in A mice about 8 days after birth and attain the concentration 
found in adults by the twelfth day after birth. 

We have used the more sensitive serum-dextran method of agglutination" 
and have found, in accordance with Gorer and with Mitchison, that newborn mice 
have no detectable quantities of H-2 antigens. Our observations indicate that 
they begin to appear at about the third day after birth, at which time liver exhibits 
a low but definite absorbing capacity for corresponding isoantibodies, and a few 
red cells are agglutinated (see Tables 4 and 5). 


TABLE 4 
Titer oF ANTISERUM ANTI-D, AntI-K, ANtTI-H, AND ANTI-E AFTER ABSORPTION WITH LIVER 
FROM YouNG A/SN MIcE 

Anti Titer* Titer After Absorption with Liver from A/Sn Mice of Indicated Ages 
bodies unabsorbed (1 day) (2 days) (4 days) (5 days) (6 days) (Adult) 
Anti-D 2048 1024 64 32 <16 <16 <16 
Anti-K 2048 1024 64 32 <16 <16 <16 
Anti-H 128 32 16 <16 <16 <16 <16 
Anti-E 2048 2048 128 <16 <16 <16 <16 


* Titer: reciprocal of dilution of antisera. 


TABLE 5 
AGGLUTINATION TITER OF RED Bioop Critis FrRoM A/SN Mice oF DIFFERENT AGES, WITH 
AntI-H-2 ANTIBODIES 


Titer* with r.b.c. from Mice of Indicated Ages 
Antibodies 1 day) (2 days) (3 days) (5 days) ((} days) (Adult) 
Anti-K 16 16 512 512 1024 2048 
Anti-D 16 16 32 128 512 1024 


* Titer: reciprocal of the dilution of antisera. 


In the following 3 days, a rapid increase in red cell agglutinability and absorb- 


ing capacity of liver is observed until the sixth day, when the antigens reach con- 
centrations comparable to those found in the tissues of adult mice. Red cells of 
newborn mice tend to agglutinate spontaneously when Gorer’s dextran method is 
used. Special care must be taken to select a human serum perfectly absorbed 
with mouse red cells, in order to achieve good results. When a study was made 
of the age of the appearance and rate of increase of individual antigens within a 
given H-2 phenotype, it was found that all antigens tested appeared at the same time 
and their rate of increase followed a parallel pattern. That is, the increase in 
any one of them had a corresponding counterpart in all others tested (Tables 
fand 5). A difference of about 12 hr in the appearance of H-2 antigens in different 
litters can be explained as the result of the known variability of duration of preg- 
nancy in the mouse.”” Whole embryos, embryonic skin, liver, spleen, or brain 
are completely devoid of H-2 antigens. 

Discussion.—The relationships between genes and antigens have long at- 
tracted the attention of those interested in the physiological aspects of genetics and 
of those working in the more practical fields of blood transfusion and tissue trans- 
plantation. This interest is based mainly on the co-dominance exhibited by these 
genes, which suggests that the antigens thereby determined, are a rather direct 
product of the genes or that they reflect gene structure in a still obscure way.2!: 2? 
The usual lack of environmental modification and gene interaction give an added 
weight to this hypothesis, though this last statement may be a methodological 
artefact in some cases?’ and in others the result of insufficient information. 
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The hypothesis of a one-to-one relationship between gene and antigens has met 
with some difficulties. In an increased number of well documented cases the situa- 
tion is not that of a simple co-dominant inheritance, but a system of two or more 
antigens are inherited in a way that suggests that only one gene is responsible for 
the entire system.® '!) Interpretations of the genetic nature of these complex 
antigenic systems have been strongly divergent: some investigators prefer to think 
of them as being due to one gene determining several antigenic specificities at 
once,!!: % others instead interpret them as the result of a group of tightly linked 
genes bearing a one-to-one relationship to the antigens they determine." * 

It seems clear that the H-2 system, in spite of its serological complexity and 
relatively high crossover values, behaves as a “physiological unity” in ontogeny, 
distribution throughout the tissues, and relative importance of its antigenic com- 
ponents for tissue compatibility in transplantation. Except for the last statement, 
no evidence of this sort has been published for other antigenic systems in other 
species. A similar physiological unity may hold for the Rh antigens where in 
compatibility at only one of the many antigens of this system may induce erythro- 
blastosis fetalis or transfusion accidents. 

That not all antigens in such complex systems will be equally important for blood 
transfusion or tissue compatibility is shown by the different behavior of M and N 
antigens compared with § in the MNS system in man” and by the finding of Gorer 
that all cytotoxic activity of H-2 antibodies is associated with the “major” H-2 
components.'® This does not invalidate our previous statement, as D and K are 
‘major’ H-2 antigens and still exhibit crossing-over. 

The H-2 locus can be described as being pseudoallelic. Compared to other 
pseudoallelic systems,” ?® H-2 lacks the usual difference observed between mutants 
in cis and trans chromosomal configurations. This could be due to the methodology 
followed to recognize antigenic phenotypes, compared to that of other characters. 

On the whole, the findings described at H-2 seem to support those contending 


that complex antigenic systems can be determined by only one gene. The word 
gene, locus, or allele in this context is used in the sense of a “unit of function,” as 
described by Demerec.” Under this concept the conflicting views about the genetic 
nature of complex antigenic systems could be easily explained and reconciled. 


An indication that a series of actions mediate between genes and the antigens 
they determine is given by the distribution of antigens in different tissues. Most 
cell antigens thoroughly studied have been shown to be heterogeneously distributed 
throughout the tissues. The observations on H-2 closely parallel those on the 
A BO system in man.® Here, the brain clearly lacks, or has an extremely low anti- 
genic content. This could be the result of differential distribution of antigens in 
some cell lineages which are not present in the organ under consideration, or else, 
that the state of the cytoplasm is an important factor in modifying the expression 
of the action of these genes. 

Given the necessary conditions, however, the work of H-2 genes has a remarkable 
stability: embryonic hemopoietic tissues transplanted into foreign genotypes will 
develop according to their own genetic make-up. This is the case for lethally 
irradiated mice protected with homologous embryonic hemopoietic tissues.* *! 
This indicates that the events that modify the expression of H-2 genes in different 
tissues of one and the same animal are most probably intracellular. 
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When studying the gene as a physiological unit, the subunits of the gene—the 
‘sites’? according to Demerec?”—behave in such a way that they change, when 
mutant, the whole properties of gene product. The method herewith followed 
seems to be capable of giving information on the gene products determined by the 
subunits of the gene, while at the same time indicating the fundamental unity of 
the whole structure of the gene. 

The age of appearance and the pattern of development of H-2 antigens is in 
striking concordance with the period after birth during which the injection of 
in the 


homologous cells or tissues can induce a state of “immunological tolerance’ 
recipients. The importance of H-2 for immunological maturity is indicated by the 
fact that, after attainment of H-2 antigenic maturity no tolerance toward homol- 
ogous antigens can be obtained.4- Whether only H-2 or other antigens are needed 
for priming the ‘‘self”’ and “‘nonself’’ mechanisms of recognition of tissue individually 


is a matter for future research. 

Summary.—The histocompatibility-2 antigens are not present in embryonic 
tissues nor in newborn A/Sn mice. They appear about the third day after birth 
and increase in quantity in the tissues until about 6 days after birth, when they 
reach a concentration similar to that found in adults. In tissues from adult 
animals, H-2 antigens are distributed heterogeneously; large quantities are found 
in the spleen and liver, but skin and kidney contain medium amounts. Muscle 
and testis have small quantities and the brain has no detectible amount of H-2 
antigens. Similar tissues from different animals of the same age within a given 
inbred strain have about equal concentrations of H-2 antigens. 

A close quantitative correlation between different H-2 antigens exists with re- 
spect to their age of appearance, development, and distribution in various adult 
tissues. These facts are interpreted to mean that the H-2 chromosome region 
behaves as a “physiological unit,” i.e., as one gene. The implications of this hy- 
pothesis for the genetic interpretation of other complex antigenic systems, and the 
importance of H-2 antigens for immunologic maturity in mice is discussed. 
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A tumor cell that has acquired a capacity for autonomous growth is generally 
considered to be a permanently altered cell that reproduces true to type and 
against the growth of which there is no adequate control mechanism in a host. The 
question as to what makes such tumor cell types deficient in internal or unresponsive 
to the external control mechanisms that govern so precisely the growth of all normal 
cells within an organism is fundamental and constitutes the ultimate basis of the 
tumor problem generally. ‘This problem appears now to have been largely resolved 
in the case of the plant tumor cell. Experimental findings reported in the plant 
field clearly demonstrate that as a result of the transformation of a normal cell to a 
tumor cell, a radical reorientation in synthetic activities occurs. This metabolic 


reorientation progresses from the precisely regulated metabolism concerned with 


differentiated function to one involving a permanently increased synthesis of the 
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nucleic acids, mitotic proteins, and other substances concerned specifically with 
cell growth and division.'' 2. This shift in metabolism is triggered by irritation 
accompanying a wound. It may be permanently fixed by any one of several 
distinct types of tumorigenic agencies and it is maintained in the plant tumor cell by 
virtue of the fact that all of those agencies permanently activate a series of bio- 
synthetic systems, the products of which are concerned specifically with cell growth 
and division. Biosynthetic activation in a plant tumor cell has been most thor- 
oughly investigated in the non-self-limiting neoplastic disease known as crown gall. 
The results of those studies demonstrate that the transition from a normal plant 
cell to a fully autonomous crown-gall tumor cell is a gradual and progressive proc- 
ess.*-> By interrupting the transformation process at intervals by thermal treat- 
ment, it was possible to obtain tissues that show varying grades of neoplastic change 
ranging from slowly growing benign to rapidly growing fully autonomous tumor 
cell types. A physiological and biochemical study of such tissues has demonstrated 
that, as a result of the transformation of a normal plant cell to a fully autonomous 
tumor cell, a series of quite distinct but well defined biosynthetic systems become 
progressively and permanently activated. It was suggested, moreover, that the 
degree of activation of those systems within a tumor cell determines the rate at 
which that cell type grows. An attempt was made in the present study to charac- 
terize, in part at least, the mechanism by which the diverse biosynthetic systems, 
which represent the entire area of metabolism concerned with cell growth and 
division, become progressively and permanently activated. It is with that problem 
that the present study is concerned. 

Materials and M ethods.—Normal cells, as well as the partially altered moderately 
fast growing and the fully transformed rapidly growing crown-gall tumor cells of 
Vinca rosea L. used in this investigation, have been maintained as stock cultures in 
this laboratory for more than five years. The three tissues were originally isolated 
according to methods previously described.® ® The two types of tumor cells were 


routinely grown on White’s basic culture medium’ containing 1% agar and 2% 


sucrose. The normal cells were maintained on that medium supplemented with 
naphthalene acetic acid, 6-furfurylaminopurine, glutamine, asparagine, inositol, 
and cytidylic and guanylic acids. 

In the experiments reported below, White’s basic culture medium containing 1% 
thoroughly cleaned Difco bacto agar and 2% sucrose was used. Organic compounds 
and inorganic salts were added to the basic medium where desired at the following 
concentrations: meso inositol 100 mg/l, glutamine 200 mg/l, asparagine 200 mg/1, 
cytidylic acid 100 mg/l, guanylic acid 100 mg/l, naphthalene acetic acid 1 mg/1, 
6-furfurylaminopurine 0.5 mg/l, KCl 845 mg/l, (NH4)SO, 790 mg/l, NaNO; 
1,800 mg/l, MgSO,-7H.2O 1,000.0 mg/l, and NaH2PO,-H,O 300 mg/l. Solutions 
of glutamine, asparagine, cytidylic and guanylic acids, inositol, and a-methy| 
glutamic acid were sterilized by filtration and added aseptically to the culture 
medium. All other compounds were sterilized by autoclaving at 15 lb. pressure for 
15min. The pH of all solutions was adjusted to 5.5 with NaOH. 

The normal and tumor tissues used in these studies were cut to a standard size, 
each piece a cube with sides approximately 4 mm in length. The experiments 
were carried out in 50-ml Erlenmeyer flasks, each of which contained 20 ml of the 
desired medium. All treatments were carried out in duplicate. The experimental 
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flasks were incubated at 25°C for 7 to 8 weeks and growth was measured on a wet- 
weight basis. 

Experimental Results—An attempt was made in this investigation to study the 
effects of mineral salts on the activation of biosynthetic systems in normal and two 
types of crown-gall tumor cells isolated from Vinca rosea. In these studies, two 
media were compared. The first of these was White’s basic medium; the second, 
White’s medium in which three salts, KCl, NaNO;, and NaH2PO,, were added at 
levels indicated in the section above. 

The fully transformed crown-gall tumor cell can utilize the mineral salts and 
sucrose in White’s basic medium for its continued rapid growth. This cell type 
grown on White’s basic medium was used as the standard in these studies. The 
partially transformed tumor cell, like the fully altered cell type, can also utilize the 
mineral salts and sucrose in the basic culture medium for its continued growth. 
However, the growth rate of such cells is only about one-half that of the fully 
transformed tumor cell type. The implication of this would appear to be that such 
cell types can synthesize all of the factors required for growth and division from 
mineral salts and sucrose in the basic medium but that one or more of those factors 
is limiting for rapid growth. It was found® that when White’s basic culture medium 
was supplemented with an auxin (naphthalene acetic acid), meso inositol, and 
glutamine, growth of the partially altered tumor cell approached that of the fully 
transformed tumor cell type. These metabolites were found to be synthesized by 
both the fully transformed and the partially altered tumor cells when such cells 
were grown on White’s medium. Inositol was found to be present in both types of 
tumor tissue following hydrolysis of those tissues with 6 N HCl and assaying the 
hydrolysate, the pH of which was adjusted to 5.5, with the inositol-requiring yeast 
Kloeckera apiculata according to the procedures of Ridgway and Douglas.’ Inositol 
was found to be present at a level of 7 mg/100 gm wet weight in fully transformed 
tumor tissue and 4 mg/100 gm in partially transformed tumor tissue. The re- 
quirement of glutamine for growth of both the partially and the fully transformed 
tumor cell types was demonstrated with the use of a-methyl glutamic acid, a 
known competitive inhibitor of glutamine. ‘Growth of both tissues was inhibited 
by a-methyl glutamic acid. The fully transformed tumor cell, however, was forty 
times more sensitive to that inhibitor than was the partially altered cell type. This 
inhibition was in both instances completely reversed by supplying glutamine to the 
a-methyl glutamic acid-containing culture medium. 

That a kinin is synthesized by both types of tumor cells was demonstrated by 
isolation of that substance from such tissues and by its partial characterization. 
This will be the subject of a later communication. It is now well established that 
auxin is synthesized by crown-gall tumor cells, and, judging from the degree of 
hydration of the two tissues, the fully transformed tumor cells synthesize more 
auxin than do the partially altered cells. 

Normal cells of the type from which the tumor cells were derived do not appear 
to synthesize any of those substances when planted on White’s basic medium. Only 
when that culture medium was supplemented with an auxin, a kinin, meso inositol, 
glutamine, asparagine, and cytidylic and guanylic acids did the normal cells 


proliferate as rapidly as did the fully transformed tumor cells grown on White’s 
basic medium. The relationship of growth of the three tissues on White’s medium 
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and on that medium containing various organic supplements is shown in Figure 1. 

When the partially transformed tumor cells and the normal cells were planted 
on a modified White’s medium to which three salts, KCl, NaNO ;, and NaH2PO, 
were added, a strikingly different picture was obtained, as shown in Figures 2 and 
3. Growth of partially transformed tumor cells on that medium supplemented 
only with an auxin (Fig. 2) was significantly better than was the growth of such cell 
types on White’s basic medium supplemented with an auxin, glutamine, and inositol 
(Fig. 1). It would appear, therefore, that the partially altered tumor cell types 
lost their exogenous requirement for rapid growth for both inositol and glutamine 
as a result of modifying White’s basic medium by the addition of three salts. Yet, 
as can be seen in Figure 2, both inositol and glutamine remained limiting, since the 
addition of either of those substances to the medium increased somewhat the rate 
of growth of the tissues. 
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Fic. 1.—Fully transformed, partially transformed tumor tissue, and normal tissue 
grown on White’s basic medium supplemented as indicated above. 


The effect of modified White’s medium on the growth of normal cells was even 
more striking. On that medium, the normal cells required only an exogenous 
source of an auxin, kinetin, and inositol to achieve a growth rate comparable to 
that obtained on White’s basic medium supplemented with the seven substances 
found necessary for the rapid growth of such cell types. Thus, four of the seven 
exogenous organic requirements found necessary for rapid growth were eliminated 
by fortifying the basic medium with inorganic salts. This is shown in Figures 1 
and 3. 
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Fig. 2.—Partially altered tumor cells grown on White’s basic medium fortified 
with KCl, NaNOs, and NaH2PO, and supplemented as indicated above. 


Of particular interest in these studies was the finding that meso inositol played an 
important role in facilitating the uptake and/or utilization of ions by the normal 
cells. The increased salt level present in modified White’s medium was largely 
without effect on the growth of normal cells unless inositol was present in the 
culture medium in addition to an auxin and kinetin. While it is true that some 
growth of the normal cells does occur on that medium with only auxin and kinetin 


supplements, this limited growth can perhaps be accounted for on the assumption 


that a small amount of inositol is synthesized by the normal cell types under those 
conditions or that a sufficient number of ions penetrate, by virtue of their increased 
concentration in the medium, to permit some growth of the normal cells to occur. 
That there is a relationship between the concentration of certain ions in the culture 
media and the amount of growth of the normal cells resulting from the addition of 
only an auxin and kinetin to the media is evident from the data shown in Figures 1 
and 3. 

The role of inositol in facilitating the uptake and/or utilization of ions was most 
dramatically illustrated when ammonium sulfate was applied to modified White’s 
medium on which the normal cells were grown. In the presence of an auxin and 
kinetin, that salt had no effect or perhaps a slight inhibitory effect on the growth 
of the normal cells. Under similar cultural conditions but with added inositol, a 
very rapid proliferation of such cell types occurred. Growth on modified White’s 
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Fic. 3.—Normal tissue grown on White’s basic medium fortified 

with KCl, NaNO;:, and NaH.PO, and supplemented as indicated 

above. 
medium in the presence of ammonium sulfate, an auxin, kinetin, and inositol 
reached almost twice the level of tissue grown under similar conditions but in the 
absence of that salt. That the ammonium ion rather than the sulfate ion was 
limiting for rapid growth in this instance is suggested by the fact that when MgSO, 
was substituted for (NH,4)2SO,, no significant effect on growth of the normal cell 
was observed over that found in comparable controls. Similar although somewhat 
less dramatic results were obtained when glutamine, another source of reduced 
nitrogen, was substituted for ammonium sulfate. The results obtained in these 
studies are summarized in Figure 3. 

In contrast to the stimulatory effects that ammonium sulfate exerted on the 
growth of the normal cells, no such effect was observed on the growth of either the 
partially transformed or the fully transformed tumor cell types. The reason for 
this is not yet clear. The answer does not, however, appear to lie in fundamental 
differences in the ability of the normal cells and the two types of tumor cells to 
reduce nitrate nitrogen. The fully transformed tumor cell can very effectively 
reduce the nitrate nitrogen present in White’s basic medium since such cell types 
grow and divide actively on that medium. The normal cells can apparently also do 
this but to a much more limited extent if the basic medium is supplemented with an 
auxin and kinetin or with those two substances and inositol. However, when 
White’s medium is supplemented with auxin, kinetin, and inositol and fortified 
with KCl, NaNO;, and NaH2PO,, the normal cells grow at a rate comparable to 
that of the fully transformed tumor cells on White’s basic medium (Figs. 1 and 3). 
Since both tissues grow at approximately equal rates and since there is no reduced 
nitrogen in either medium, it appears that both types of tissue are capable of reduc- 
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ing nitrate nitrogen at essentially equal rates under their respective conditions of 
culture. The difference in the two tissues appears to lie in their respective abilities 
to transport rather than to utilize the nitrate ion. 

Discussion and Conclusions.—An attempt was made in this investigation to 
characterize the mechanism by which certain biosynthetic systems shown to be 
essential for cell growth and division are regulated in normal and crown-gall tumor 
cells of Vinca rosea. The results obtained in these studies indicate that a number 
of the biosynthetic systems shown to be permanently unblocked in the plant tumor 
cell are ion-activated systems. Of particular interest in these studies was the 
finding that ion uptake and/or utilization was greatly facilitated by and probably 
dependent upon the availability of meso inositol. These findings suggest a phys- 
iological function for that compound in the experimental test system used here. 

Fully transformed tumor cells appear to have a very effective ion-transport 
system. This is evidenced by the fact that such cell types can utilize ions effi- 
ciently when they are present at the concentration found in White’s basic culture 
medium. Normal cells and to a lesser extent the partially transformed tumor cells 


require significantly higher levels of nitrate, phosphate, and potassium ions than 
| 5 ; £ 


are present in White’s basic medium to synthesize certain essential metabolites in 
amounts required for their rapid growth. This suggests that those cell types have 
a less efficient ion-transport system than does the fully transformed tumor cell and 
that greater concentrations of certain essential ions are necessary to penetrate to 
the proper locus in such cell types. This information indicates that, as a result 
of the transition from a normal plant cell to a tumor cell, changes in permeability 
or ion-transport mechanisms occur. As a result of such changes, essential ions 
penetrate to the proper locus in a tumor cell but are unable to do so in a normal cell 
unless the concentration of such ions is raised significantly in the medium. 

Reduced nitrogen in the form of ammonium sulfate greatly stimulated the growth 
of normal cells but not the two types of tumor cells used in this study. The reason 
for this is not yet clear. The answer does not, however, appear to rest on any 
fundamental difference in the ability of the normal cells and the two types of tumor 
cells to reduce nitrate nitrogen. In this instance, too, meso inositol greatly facil- 
itated the uptake and/or possibly the utilization of the ammonium ion. 

* Aided by Grant No. E-159 and Grant No. E-160 from the American Cancer Society, Inc. 
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GAMMA TROPOCOLLAGEN: A REVERSIBLY DENATURABLE 
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Communicated October 31, 1961 


The tropocollagen (TC) macromolecule is a highly asymmetric rodlike structure 
with a characteristic distribution of polar groups along its length. The high degree 
of stereochemical order makes possible the formation of ordered aggregates of 
various types under appropriate environmental conditions.'~4 The evidence from 
X-ray diffraction studies*~’ indicates the presence of three-strand helical dif- 
fracting units and, indeed, a comparison of the dimensions of the TC macromole- 
cule (ca. 2,800 & 14 A) with published values of the molecular weight (in the range 
300,000-380,000) strongly suggests that the TC macromolecule comprises three 
polypeptide chains, each containing about 1,000 amino acid residues. 

The thermal denaturation of collagen has been extensively studied (see Von 
Hippel and Harrington,* Burge and Hynes’) by a variety of physical methods, and 
the partial recovery of “collagen-like structure” as deduced from optical rotatory 
activity’? and X-ray diffraction behavior is a well-documented fact. However, it 
was not clear from any of the available evidence whether such apparent renatura- 
tion involved a meaningful reassociation of polypeptide chains to form intact TC 
macromolecules or a relatively nonspecific aggregation of chains to form a three- 
dimensional micellar network. The work of Orekhovich and Shpikiter™ and of 
Doty and Nishihara'? showed clearly that gentle thermal denaturation causes the 
TC macromolecule to dissociate into two easily distinguishable components, a 
and 8; the latter tentatively suggested that, of these two components, @ is a 
single strand and @ represents two of the original three strands of the TC macro- 
molecule bonded together by one or more covalent cross-links even in the denatured 
random-coil state. 

In view of the considerations mentioned and particularly because of the ap- 
parently meaningful renaturation (i.e., reassociation of chains) reported for care- 
fully annealed solutions of deoxyribonucleic acid,'* it seemed of interest to deter- 
mine whether true renaturation could be achieved in the case of collagen. The 
term “renaturation” as used here denotes a specific reassociation of the three com- 
ponent polypeptide chains to form a hydrogen-bonded helical structure having a 
charge profile and other properties indistinguishable from the original native TC 
macromolecules. Our interest was further stimulated by the work of Rice," 
who demonstrated a reversion to rodlike structures on cooling solutions of parent 
gelatin and who also showed that at least some of the material could be induced to 
form the ordered aggregation state known as “segment long-spacing”’ (SLS). The 
examination of appropriately stained SLS in the electron microscope is probably 
one of the most sensitive means of detecting intact TC macromolecules, since the 
formation of this particular aggregation state demands a fairly specifie distribution 
of charge.‘ In the experiments of Rice only a small fraction (~10 per cent) of the 
“renatured” gelatin yielded SLS, although one would have expected a higher yield 


of renatured macromolecules on the basis of changes in viscosity, specific optical 
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rotation, and other physicochemical properties of the solutions. It seemed likely, 
therefore, that only a fraction of the chains in the parent gelatin solutions were 
reassociating in a meaningful manner to produce macromolecules indistinguishable 
from native TC, and we accordingly set out to investigate this apparent discrepancy. 

It seemed clear that one worth-while method of investigation of the renaturable 
fraction would be to harvest the molecules in the form of SLS-type aggregates by 
centrifugation and to determine their behavior in the ultracentrifuge, after further 
thermal denaturation, either by running at 40° or at room temperature in the pres- 
ence of KCNS. If the process of renaturation really involved a reassociation of 
the a and 8 components, then isolation of these renatured molecules via SLS for- 
mation followed by subsequent denaturation should yield a pattern in the ultra- 
centrifuge showing both of these components in the same proportions as found 
in denatured solutions derived from native TC. If, on the other hand, the process 
of renaturation involved only a certain fraction of the macromolecules which did 
not dissociate into one- and two-strand components on thermal denaturation, then 


the process of renaturation followed by SLS harvesting should result in consider- 


able enrichment of this minor component, and its physical characteristics should 
be readily apparent in the ultracentrifuge. This was indeed found to be the case. 
When the renaturable fraction from thermally denatured solutions of calfskin 
collagen was harvested as SLS by precipitation with ATP and examined in the 
ultracentrifuge in the presence of KCNS, it was found to consist predominantly 
of a single component having a sedimentation coefficient higher than both a and 8 
and a molecular weight equivalent to that of the native TC macromolecule, together 
with relatively small amounts of the a and 8 components. If the cycle of denatura- 
tion, renaturation, and harvesting in the form of SLS is carried out in serial fashion, 
the proportion of a and 8 components diminishes rapidly, with consequent enrich- 
ment of the higher-molecular-weight fraction, which we have termed the gamma 
(y) component. As we shall see, the molecular weight and other physical proper- 
ties of the y component strongly suggest that while most of the three-strand TC 
macromolecules in an acid extract of collagen comprise one covalently bonded 
two-chain 8 component and one single-chain a component, a small fraction (5-10 
per cent) of the macromolecules exist in a form in which the three constituent 
polypeptide chains are linked by covalent bonds, even in the denatured state, so 
that they behave as a single kinetic unit. This y component exhibits completely 
reversible denaturation properties in the sense that renaturation involves a refor- 
mation of macromolecules indistinguishable in physical properties (including their 
charge profile as judged by electron microscopic examination of stained SLS-type 
aggregates) from the original native TC macromolecules. On the other hand, the 
a and 8 components, once dissociated from each other, show little if any meaning- 
ful reassociation under the same conditions of renaturation. The present paper 
describes some of the properties of this gamma tropocollagen, including a prelimi- 
nary study of the kinetics of renaturation. 

In the case of neutral salt-soluble collagen, it has recently been demonstrated 
by ultracentrifugation'® ' (confirmed independently by us) and by column chroma- 
tography," that most of the macromolecules give rise only to a components on 
thermal denaturation.’ Presumably none of the three constituent chains is 
covalently linked together in this material which is thought to represent molecules 
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more recently synthesized than those present in the acid extracts. It seems likely, 
therefore, that formation of cross-links between chains to give rise to 6 and y 
components is a phenomenon associated with ‘‘maturing”’ or ‘aging’ of the TC 
macromolecules and occurs following the synthesis and assembly of the constituent 
polypeptide chains. Although we have not yet investigated the kinetics of “re- 
naturation” in neutral salt-soluble collage, it seems likely that the rate of meaning- 
ful reassociation of three separate chains will be even less than that found for re- 
combination of the a and 8 components of acid-soluble collagen. If this proves to 
be the case, it may be necessary to postulate some kind of “reference point mecha- 
nism” for synthesisin vivo. This would ensure the correct longitudinal displacement 
of the three chains relative to one another and thus allow them to form a helical 
hydrogen-bonded structure with the charge profile characteristic of the native TC 
macromolecule. 

Materials and Methods.—Most of the work reported here was carried out on purified calfskin 
tropocollagen solutions’ prepared according to the Gallop method.™ 2! Stock solutions having 
TC concentrations in the range 0.1 to 0.5 gm/100 ml in 0.05 per cent acetic acid were prepared 
and stored at 2°C. Concentrations were usually determined in a Zeiss Laboratory Interferometer 
at 25°C. Since this instrument gives readings in terms of refractive index increment, the values 
of dn/de had to be measured for TC in the various solvents used. The values were related to TC 
concentration by determining the hydroxyproline content of three different TC samples using 
Martin and Axelrod’s?? modification of Neumann and Logan’s method.2 The dn/dec values 
found for TC in 0.05 per cent acetic acid and in 0.1 M Sorensen citrate buffer of pH 3.7 were 
identical within the limits of error: 0.186 + 0.003. No changes were observed when the TC 
solutions were heat denatured. These findings are in good agreement with Boedtker and Doty’s?! 
data on ichthyocol. The accuracy of the readings on the interferometer was better than +0.2 
per cent even when the samples were kept in the cuvettes for several hours, provided the salt 
concentration was not too high. The presence of 1.2 @ KCNS made the readings so uncertain 
that, in this case, the TC concentrations were determined before adding the KCNS and the values 
adjusted by allowing for a measured 5 per cent volume increase resulting from the addition. 

Denaturation of the samples was accomplished by heating them to 60°C for 5 min, this pro- 
cedure being followed either by quenching in cold water or by allowing the samples to cool slowly 
to room temperature. In some instances the samples were denatured in the presence of 1.2 M 
KCNS or 8 M urea. In these cases, the renaturatiou procedure consisted of extensive dialysis of 
the samples against 0.05 per cent, acetic acid. 

The y component was isolated and purified by the following procedure. Solutions of TC 
(0.1% in 0.05% acetic acid) were denatured as already described and allowed to cool to room 
temperature. ATP was then added to a final concentration of 0.3 per cent. Within a few hours 
the solution became turbid, indicating the formation of SLS aggregates. The precipitate was har- 
vested 5 hr after denaturation by centrifugation in a Spinco Model L ultracentrifuge. The forma- 
tion of SLS aggregates is critically dependent on the absence of salt. For this reason it was often 
necessary to dialyze the TC solutions extensively against dilute acetic acid. The precipitates 
could be redissolved in aqueous solvents of pH 3.5 and ionic strength about 0.1. In most instances, 
they were taken up in 0.1 M phosphate buffer of pH 3.5 and dialyzed against this solvent to remove 
both free and SLS-bound ATP. The compositions of the y preparations were determined by heat 
denaturing a sample of the ATP precipitate dispersed in 0.05 per cent acetic acid, adding KCNS 
to a final concentration of 1.2 M and running it in the Spinco Model E ultracentrifuge at 59,780 
rpm, together with a control sample of normal denatured TC in a wedge-window cell. The a, 8, 
and y peaks began to separate in about 1 hr and were well developed after 2 hr. The apparent 
concentrations of a, 8, and y were determined from the areas under the schlieren peaks, and their 
respective ratios calculated. These results were in error because of the Ogston-Johnson effect, 
but reasonably good values could be obtained by doing several runs at different concentrations 
and extrapolating both the peak areas and ratios to zero concentration. The apparent concentra- 
tions were also corrected for the radial dilution effect. 
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The sedimentation rates of the various components were measured in terms of the migration 
rates of the peaks on the schlieren patterns. In each case the An-D rotor of the Spinco Model E 
ultracentrifuge was run at 59,780 rpm. The sedimentation characteristics of purified y com- 
ponent in the denatured state were generally determined at 25°C in 0.05 per cent acetic acid con- 
taining 1.2 4 KCNS. In a few cases the solvent was 0.1 M citrate buffer of pH 3.7 containing 1.2 
M KCNS. Several runs were also carried out at 40°C either in 0.05 per cent acetic acid contain- 
ing 0.1 M NaClor in 0.1 M citrate buffer at pH 3.7. The sedimentation rates of the y component 
in the renatured rodlike form were also determined by running at 25°C in 0.05 per cent acetic 
acid containing 0.1 M NaCl. The sedimentation coefficients in each case were determined 
by correcting the experimental values to water at 20°C and by extrapolating to zero concentra- 
tion. 

Density measurements of TC and of the y component in 0.05 per cent acetic acid plus 1.2 M 
KCNS at 25°C or in plain 0.05 per cent acetic acid at 40°C, were carried out using a 20-ml pyc- 
nometer immersed in a water bath with a temperature constancy of better than +0.005°C. The 
densities were plotted versus concentration according to the equation: 


Miyo/Vi2 = pi + (1 — dopi)me/di2 


where m2. = mass of solution, m2: = mass of solute, v1. = volume of solution, 2 = partial specific 
volume of solute, mi2/v12 = density of solution, m2/vi2 = concentration of solution, p; = density 
of solvent. The slope of this plot yields immediately 1 — iz , i.e., the term used for the deter- 
mination of molecular weight using the Svedberg equation. Whenever KCNS was present, the 
points in the plot scattered sufficiently to cause an error of about +3 per cent; in acetic acid alone 
the accuracy was +1 per cent. 

Intrinsic viscosities of the various solutions were measured in Ubbelohde viscometers, modified* 
to facilitate dilution of the solutions down to a ratio of 1:8. Shear gradients for water at 25°C 
were ca. 800 sec~!, and the outflow times for this solvent were of the order of 60 sec. 

The renaturation kinetics of the various y preparations and also of control TC preparations and 
y-free mixtures of a and 8 components were followed by monitoring changes in both viscosity 
and specific optical rotation. The viscometers used were of the Ostwald-Cannon-Fenske 
type with shear gradients of the order of 1,600 sec~! for water and were immersed in a water 
bath maintained at 25.0 + 0.01°C. Kinematic energy corrections were applied. Optical rotation 
changes were measured in a Rudolph precision polarimeter, Model 80, equipped with the Rudolph 
photoelectric polarimeter attachment. Use of an air-cooled mercury are with a Bausch and Lomb 
monochromator permitted work in the near ultraviolet, \ = 367 my, with a consequent increase 
in accuracy as compared with measurements at wavelengths in the visible. For these studies the 
samples were heated to 55°C for 5 min, quenched to 25°C, and inserted into the temperature 
equilibrated 10-cm polarimeter microcells as rapidly as possible. 

Results —Preliminary experiments had shown that solutions of acid-extracted 
calfskin collagen produced two main peaks, the a and 8 components, described by 
previous authors,'! '* with a molar ratio of 1:1, following thermal denaturation 
and running in the ultracentrifuge either at 40°C or at 25°C in the presence of 
1.2 M KCNS. When the renaturation schedule described earlier was followed, it 
was found that the material capable of forming ordered SLS-type aggregates 
(presumably consisting of those molecules in which a relatively intact charge pro- 
file had been restored by renaturation), when run in the ultracentrifuge under the 
same conditions, showed a pattern in which the a and 8 components were heavily 
outweighed by a new component, the y component, sedimenting at a rate con- 
siderably higher than those of the a and 6 components. Figure 1 shows a typical 
sedimentation schlieren pattern of such a preparation (upper curve) contrasted 


with a control solution consisting of normal TC to which some y component had 


been added. After one cycle of renaturation and harvesting as SLS, the y com- 
ponent is generally enriched to about 70 per cent, and after the second renaturation 
to about 90 per cent or more. The proportion of y present in the solution rep- 
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resented by the upper curve of Figure 1 was estimated by integration to be ca. 
80 per cent. Our results clearly show that the denaturation-renaturation-har- 
vesting procedure already outlined results in a considerable enrichment of the 
































Fic. 1.—Ultracentrifuge patterns of yy component (upper curve) and, for 
comparison, a mixture of a, 8, and y components (lower curve). 


y component, which is normally present in acid extracts of calfskin collagen to the 
extent of about 8 per cent. A number of recent studies have also demonstrated 
the presence of a y component in solutions of tropocollagen by ultracentrifugal'® 1” 
and chromatographic techniques." 

The sedimentation coefficients of the y component reduced to water at 20°C 
are plotted in Figure 2(a) and (b). The s values determined by extrapolation to 
zero concentration for the a, 8, and y components are shown in Table 1, and com- 
pared with the results of several other authors. 


Part of the evidence that renatured macromolecules of the y component resemble 
the original native TC macromolecules in physical and chemical properties was 
provided by measurements of intrinsic viscosity. The values of [yn], measured 
at 25°C in 0.05 per cent acetic acid plus 0.1 4M NaCl and in 0.1 M citrate buffer 
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TABLE 1 

SEDIMENTATION COEFFICIENTS OF VARIOUS FRACTIONS OF DENATURED CALFSKIN COLLAGEN 

Authors Condition ¥ (8) 
Doty and Nishihara!? 1.2 M KCNS 
Piez, Weiss, and Lewis” 2M KCNS 
a4 40° (No KCNS) a 
Veis, Anesey., and Cohen 40° (No KCNS 3.5 4.57) 6.24 
Present authors 1.2 M KCNS 3.4 4.6 5.4 7.1% 

40° (No KCNS) 2 
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| } 




















Ol O2 03 04 O5 QO 02 03 O04 O05 06 OF 
c{g/l00 ml] c [g/ 100 mi] 


Fic. 2.—Sx,w~! values of y component (in 0.05 per cent acetic acid) calculated from 


runs done at (a) 25°C in presence of 1.2 M KCNS; and (6) 40°C without KCNS but in 
0.1 per cent NaCl. 


of pH 3.7 for y, native TC, and TC following treatment with trypsin at pH 7.5 
were 11.2, 14.0, and 11.8 dl/gm, respectively. While trypsin does not attack the 
main helical portion of the TC macromolecule,” it does bring about a depolymeri- 
zation of linear dimers and higher oligomers, which were found to be present even 
in extensively centrifuged solutions, with a consequent fall in [ny] to values close 
to 12 dl/gm. This value is therefore probably close to that which would be found 
for a truly monomeric solution of TC. In view of this, the correspondence be- 
tween the intrinsic viscosities of y and trypsinized TC shows clearly that renatura- 
tion of y results in a virtually complete restoration of the asymmetry of the macro- 
molecules. 

Preliminary ultracentrifuge measurements by the Archibald technique on prepara- 
tions from which the greater fraction of a and 8 components had been removed 
indicated a molecular weight for y substantially the same as that of tropocollagen, 
ca. 350,000. 

Velocity runs in the ultracentrifuge also illustrated the effects of proteases on 
TC and y under various conditions. Treatment of TC or renatured y with trypsin 
and pepsin at room temperature and appropriate pH values caused no noticeable 
change in sedimentation characteristics, strongly indicating that renaturation of 
y results in complete restoration of the helical structure characteristic of the native 
TC macromolecule. The specific optical rotation of purified renatured y also 
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As expected, collagenase treatment under conditions 


supports this conclusion. 
De- 


similar to those used for tryptic treatment rapidly digested both TC and y. 


natured y, as with denatured TC samples, when incubated with trypsin or pepsin 
at room temperature for 1-2 hr, was digested readily as could be seen from the 


replacement of the sharp a, 8, and y peaks by broad humps. 

Doty and Nishihara!? reported that incubation of denatured TC at pH 12 re- 
sulted in a diminution of the 8 peak. Heat treatment did likewise. In our ex- 
perience, this alkaline treatment results in damage to both denatured y and TC, and 
incubation of the samples at 70°C in 0.05 per cent acetic acid for 2-6 hr causes 
broadening of the a, 8, and y peaks to rather shallow humps. Heating in the 
presence of KCNS gave comparable results in 15-70 min. It is still not clear to 
what extent these effects can be ascribed to breakage of the covalent bonds linking 
chains in the 8 and y components on the one hand or to hydrolysis of the constitu- 
ent chains on the other. 

Preliminary results on the kinetics of renaturation of y, TC, and of y-free parent 
gelatin (i.e., gelatin consisting only of a and 6 components) have already been re- 
The process of renaturation was followed by monitoring changes in 


ported.” 
These properties were measured 


specific optical rotation and in relative viscosity. 
before thermal denaturation and at intervals of 2—5 min following quenching of 
The results obtained for a number of samples are illustrated 


the samples to 25°C. 
It is clear from the data that the rates of recovery of both 


in Figures 3 and 4. 
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Fic. 3.—Optical rotation recovery of gelatins Fic. 4.—Recovery of viscosity of 
containing differing proportions of y com- gelatins containing differing propor- 


ponent. Concentrations were in the range of tions and concentrations of y com- 

0.05 to 0.3 per cent. ponent. 
optical rotation and viscosity are strongly dependent on the proportion of y com- 
ponent in the sample and hence that there exists a strong facilitative effect in the 
case of the y component for rapid restoration of the polyproline-like helical structure 
of the individual strands primarily responsible for the optical rotatory changes. 
Presumably the presence of covalent cross-links, acting as nucleation centers for 
the formation of three-strand helical structure, between the three constituent 
chains of the y component, allows a rapid and meaningful reconstitution of the 
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native macromolecule. In contrast to this, the recovery of optical rotation and 
viscosity was much slower in y-free preparations containing only the a and 8 
components, and a meaningful reassociation of chains to form molecules having an 
intact charge profile (as judged by the ability to form ordered SLS structures) 
was not observed. It remains uncertain in this case to what extent the recovery in 
optical rotation and viscosity can be attributed to partial reformation of helical 
structure in single strands on the one hand or to a relatively nonspecific micelliza- 
tion (perhaps involving short regions of three chains hydrogen-bonded together 
in a collagen-like helical structure) on the other. The results seem to be in accord 
with Ramachandran’s proposal” based on energetic grounds that the formation of 
a three-residue-per-turn helix in single strands should be facilitated when at the 
same time three strands are able to associate to form a major helix. 

The specific optical rotation of renatured y preparations was usually about 
—1110° at X = 367 my as compared with —1330° for native TC preparations. 
At least part of the discrepancy between these values can be attributed to con- 
tamination of the y preparations with a and 8 components. On denaturation 
the value of [a| falls to —460° for both y and TC. Thus the transition from native 
TC to parent gelatin is accompanied by a change in [a] of 870°. The recovery of 
purified y at 25°C is about —650° within 3 hr. In contrast, the recovery of 
y-free parent gelatin at 25°C is very slow (see Fig. 3). After this preparation 
stood for several weeks at 0-5°C, the [a] values for these preparations were about 
—900°, representing a recovery of about —440°. 

The recovery of specific optical rotation for the y component was independent of 
concentration, and the curves for two successive renaturations were almost. per- 
fectly superposable (lig. 5), clearly demonstrating the high degree of reversibility 
exhibited by this material toward denaturation. 
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Fic. 5.—Recovery of optical rotation of a preparation of y component for two 
consecutiverenaturations. 

In general, the viscosity recovery of the various samples paralleled their be- 
havior with respect to optical rotation. Thus, the increase in viscosity of de- 
natured y preparations was much more rapid than was the case for denatured TC 
and y-free parent gelatin. The reduced specific viscosity of TC dropped from 23 
(native TC) to 0.45 on denaturation and increased slowly on standing at 25°C. 
Even in the case of y the viscosity recovery was relatively slow, the value of 
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Nsp/C rising to ca. 7 three hours after denaturation and to ca. 11 after several 
days (Fig. 4). The original value of 17.5 shown by this sample after harvesting, 
i.e., before the second denaturation, was not reached. Unlike the situation with 
respect to optical rotation recovery, the viscosity recovery of y exhibited some 
degree of concentration dependence, the renaturation rates being slower at lower 
concentrations. However, there was no evident relation between the concentra- 
tion dependence of the reduced specific viscosities due to nonideal behavior of 
undenatured TC or y on the one hand and the corresponding renaturation curves 
on the other. Also, after two consecutive denaturations, the Viscosity recovery 
curves began to level off slightly earlier (Fig. 4). 

The kinetic measurements were analyzed by plotting the log of the recovery rate 
versus time. The results for the various samples are illustrated in Figures 6 and 7 
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Fic. 6.—Kinetices of recovery in terms of 
optical rotation according to first-order Fic. 7.—Kinetics of recovery in terms 
reaction formula (d[a]/dt = const — kt) reduced viscosity according to first-order 


for samples of differing proportions of 4 reaction formula [d (nsp/c)/dt = const’ — 
component. kt) for two y preparations. 


and indicate first-order kinetics for recovery of both optical rotation and viscosity 
for all samples. In no case was second- or third-order kinetics observed. The 
steep slope in Figure 7 obviously reflects a first-order reaction comparable to the 
fast optical rotation recovery of the y component in Figure 6. The maximum at 
30 min. and the preceding positive slope of the curve in Figure 7 can be explained 
at least partially in terms of nonideality of the gelatin solutions.** The results 
clearly show that in the case of the y component the recovery of optical rotation, 
reflecting a restoration of the helical structure, is accompanied by a comparable 
recovery of molecular asymmetry, as is to be expected for the case of a real re- 
naturation of the TC macromolecule. In contrast to this, the slopes were much 
lower for control preparations of TC and for y-free preparations of the @ and 8 
components. In the case of relatively impure preparations of y, the plots were 
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bimodal, the initial slopes being approximately parallel with those for pure y and 
then later following those for the y-free preparations. 

Summary.—A fraction of calfskin collagen is described which is capable of re- 
naturation after thermal denaturation. The evidence presently available indi- 
cates that this fraction has a molecular weight similar to that of native tropocollagen 
and, like the latter, consists of a three-strand helix (hence the designation y, con- 


sistent with one-strand @ and two-strand 8 components). Even in the denatured 


state, y behaves as a kinetic unit because of strong, probably covalent, bonds be- 
tween the three chains. The y-type tropocollagen probably represents a more 
mature form than the all-a or a-@ forms. 


* These studies were aided by research grant E-1469 from the National Institute of Allergy and 
Infectious Diseases, National Institutes of Health, Public Health Service, U.S. Department of 
Health, Education, and Welfare. 
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THE MECHANISMS FOR CHYMOTRYPSIN* 
By Tuomas C. Brvuice 
DEPARTMENT OF CHEMISTRY, CORNELL UNIVERSITY, ITHACA, NEW YORK 
Communicated by A. T. Blomquist, October 19, 1961 


From kinetic, degradative, and isolation studies and the establishment of virtual 
reactions the following facts are known about the mechanism of chymotrypsin 
action: (1) the reactions catalyzed by chymotrypsin occur in two steps. The first 
step involves the acylation of the enzyme with loss of HX and the second step in- 
volves solvolysis of the acyl enzyme by water or other appropriate nucleophile, !~® 


—HX +H,O 
in? RCOOX =: BOORs == RCOOH - in: (1) 
+HX —H,O 


(2) The deacylation and acylation steps require a basic group of the enzyme to be 
present in the nonprotonated form. (3) The pKa values for the basic group, as 
determined kinetically, are different in the acylation and deacylation steps. For 
acylation pK,,, = 6.6—-6.7? 4 while for deacylation pK,,, = 7.2-7.4.2 347 (4) 
From the inability to assign these pKa values to other functional groups as mercapto 
(there are none) or amino (they may all be blocked without loss of activity),8~-" 
etc., and from the knowledge that the pKa values of protein and peptide bound 
histidine groups fall in this range,!! and on the basis of other chemical evidence!?—'4 
the essential basic group is most logically an imidazolyl group of histidine. (5) 
rom the pH-rate profiles for chymotrypsin catalysis there can be detected the 
involvement of no other basic groups of pKa below the maximum pH operationally 


allowed (12.5).”° (6) When employing acetyl! derivatives as substrates in which X 
is a good leaving group (as p-nitrophenyl acetate), the rate constant of acylation 
exceeds that of deacylation and since PKadeacylation> PKacylation, & Stable acetyl 
enzyme can be isolated at moderately acid pH values.“ (7) The hydroxyl group 
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of serine is vital to catalysis, blocking this group destroys activity: and degrada- 
tion of the acetyl enzyme under mild conditions yields O-acetyl serine peptides. * 
Also, the second-order rate of alkaline hydrolysis of N,O-diacetylserine amide and 
QO-cinnamoyl-N-acetyl serine amide in 8 M urea are quite similar to those of the 
corresponding acyl enzymes in 8 M urea.'® (8) With the fastest measuring de- 
vice so far employed (stopped-flow spectrophotometry) the acylation of chymo- 
trypsin by the most suitable reagent, p-nitrophenyl acetate, does not appear to 
involve the formation of a measurable concentration of N-acetyl imidazolyl group 
as a product or transient intermediate.‘ (9) From studies of so-called vertical 
reactions”! —* 

—HX +HxX* 

En-RCOX === En-COR === En-RCOX*. 

+HX —HX* 
The mechanism has been shown to be symmetrical in that the acylation and de- 
acylation steps must occur via identical mechanisms.” (10) With cinnamoyl 
chymotrypsin, the deacylation step exhibits a D,O solvent kinetic isotope effect 
(k#/k?) greater than 2.0,% and (11) not only the substrate but the nucleophilic 
agent (as water) responsible for deacylation is specifically bound to the enzyme.” 6 

To date a number of mechanisms have been proposed for chymotrypsin which 
involve the functional groups of a serine and a histidine residue.‘ 27-2 These 
proposed mechanisms employ one or another of the types of catalysis established 
in simple organic systems to be involved in nucleophilic displacements at the acy] 
carbonyl carbon (nucleophilic catalysis,*°—*? general base catalysis,'® ** and 
general acid catalysis*~-**) and in their intimate details are probably not overly 
important. What we must now ask is whether the established facts enumerated 
above differentiate between the various types of catalysis for chymotrypsin action. 
The purpose of this communication is to show that they can serve to disqualify 
certain proposals but cannot at all specify the details of the mechanism. 

Bender, Schonbaum, Hamilton, and Zerner, in a recent communication,” state 
that the required symmetry of the chymotrypsin reaction eliminates any mech- 
anism that takes place by one type of catalysis alone (as general base). Their 
arguments develop the case that a so-called “conjugate catalysis” must be in- 
volved. By definition” conjugate catalysis involves two basic groups (—B: and 

B’:). In the acylation step —B: acts as a general base and the conjugate acid 
of —B: (i.e., —B’H) acts as a general acid. In deacylation —BH is the general 
acid and —B’: the base. Conjugate catalysis would require at the active site no 
less than three functional groups [i.e., —B (imidazole), B’: (unspecified), and the 

CH.OH group of a serine residue]. This concept, if true, would eliminate from 
consideration almost all the previously proposed mechanisms for chymotrypsin 
in the form in which they were presented.‘ *7—?° In so doing an important step 
forward would, of course, be made. The concept of conjugate catalysis is worth- 
while and it does fit the essential requirements of symmetry of mechanism. This 
is not per se to say that it is valid for chymotrypsin since it is a well-known gen- 
eralization that the more parameters an equation has the better fit one obtains to 
the experimental data. 

Actually, two symmetrical mechanisms that require only the participation of a 


single general base or general acid species and which are in accord with the listed 
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requirements for chymotrypsin action may be written (Charts I and II). The 
mere ability to write symmetrical mechanisms employing only: one general cata- 
lytic group refutes the concept of the requirement for conjugate catalysis. Tor 
the purpose of constructing these hypothetical mechanisms we have chosen to 
employ only the established participants (i.e., the imidazolyl group of histidine 
and the —CH.OH group of serine). Chart I depicts a mechanism involving 
nucleophilic (by imidazole) and general acid (by serine hydroxyl) catalysis, while 
Chart II depicts general-base (by imidazole) catalysis only. In order to obtain 
symmetry in a catalysis involving only one general acid or general base species, 
all that is required is a displacement mechanism involving two transition states in 
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which the proton is associated with different groups and a metastable tetrahedral 
intermediate. The addition elimination mechanism is, of course, a known feature 
of nucleophilic displacement reactions at the amide and ester bond.“ 

The enumerated requirements (1)—(11) are met by the mechanisms of Charts 
I and II in the following manner. Both mechanisms involve a double displace- 
ment reaction (1), requiring the participation of a single ionizable group (2) and 
(5), which because of internal hydrogen bonding (Chart II) of the hydroxyl and 
imidazolyl groups (4) or because of a concerted process of dissociation and nucleo- 
philic attack (Chart I or Chart II),*! require the free enzyme to possess a lower 
pK,,, than the acyl enzyme (3). Stable acyl enzyme can be obtained (6) via an 
acid catalyzed N — O acyl transfer (Chart I) or through the simple protonation 
of the essential basic group (Chart II). The serine hydroxyl group is essential to 
both mechanisms (7) and degradation of acety] enzyme would yield O-acety] serine 
peptide (7) because the acetyl group spends all (Chart II) its time on the serine 
hydroxyl group or because (Chart I) the N-acetyl enzyme is present under the 
most optimum conditions at a very low steady-state concentration (8). Both 
mechanisms are completely symmetrical (9), the true catalytic steps (acylation 
and deacylation) being identical to each other and to the virtual reactions involv- 
ing exchange, and both would be expected to exhibit a kinetic solvent D.O effect 
in both the acylation and deacylation steps (and virtual steps) because of the in- 
volvement of general acid and base catalysis, respectively (10). The mechanism 
of Chart II accounts for the binding and activation of the water or nucleophile 
(11). That of Chart I does not, but this is felt not to be a serious factor since it is 
too far an over-extrapolation of present knowledge to attempt to postulate the 
binding sites of substrate or cosubstrates. 

Inspection of previously proposed mechanisms for chymotrypsin based on the 
imidazolyl and serine hydroxyl groups reveals that those of Westheimer,” Dixon 
and Neurath,?? and Cunningham® are ruled out in the forms presented since they 
lack symmetry or the involvement of a general acid or base mechanism in each 
step. The mechanism of Chart I, however, embodies the essential features of 
these mechanisms as well as the considerations of Anderson, Cordes, and Jencks. !® 
The mechanism of Chart II in essence is that of Sturtevant and Spencer‘ with 
appropriate minor additions to assure symmetry. The mechanism proposed by 
Marini and Hess is totally impossible on steric grounds since with Stuart-Brieg- 
leb models it is impossible even to approach the building of the proposed active 
complexes. The mechanism of conjugate catalysis suggested by Bender, Schon 
baum, Hamilton, and Zerner” suffers from the fact that only one basic group has 
been shown to be essential for chymotryptic catalysis (5). Though an aliphatic 
hydroxyl group (or other group of pKa greater than 12.5) could serve as one of 
the conjugate pairs in these authors’ scheme, the concentration of enzyme pres- 
ent at, say, pH 8.0 with a proton on an imidazoly] group and a dissociated basic 
group of pKa greater than 12.5 would be minute. 

Though the mechanisms of Charts J and II are the only ones proposed to date 
which accommodate all the known requirements for chymotrypsin action, they 


may, of course, be falacious. With time other functional groups may be found 


which are absolutely essential to chymotrypsin action. In this case I and II may 
be modified or discarded. No claim to any clear sighted originality is made by 
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the author nor is there any compelling reason, at present, to choose between the 


two proposed mechanisms. 
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EFFECT OF OXYTOCIN, VASOPRESSIN, AND OTHER DISULFIDE 
HORMONES ON UPTAKE AND EXTRUSION OF WATER BY 
MITOCHONDRIA* 

By AuBert L. LEHNINGER AND DIETHER NEUBERT 
DEPARTMENT OF PHYSIOLOGICAL CHEMISTRY, THE JOHNS HOPKINS UNIVERSITY SCHOOL OF MEDICINE 
Communicated October 2, 1961 


In earlier reports from this laboratory it was shown that reduced glutathione 
(GSH), cysteine, and certain other thiols stimulate water uptake by isolated rat 
liver mitochondria.'~* More recently it has been found that certain disulfides 
such as oxidized glutathione (GSSG) also cause mitochondrial swelling, and are 
sometimes more active than the corresponding thiols.* Moreover, a combination 
of a thiol and a disulfide may be far more active in stimulating water uptake than 
either compound alone; in fact, low concentrations of GSH and of GSSG may be 
chosen which have no significant swelling action tested singly, but when combined 
produce rapid uptake of water.* Both the water uptake by mitochondria and the 
action of C-factor, a mitochondrial protein involved in the ATP-dependent extrusion 
of water from mitochondria®: 4~* are dependent on the ratio of —SH to—S—S 
in the medium. Water uptake stimulated by thiols and disulfides depends on the 
action of the respiratory chains in the mitochondria, since it is blocked under 
anaerobic conditions or by respiratory inhibitors.'!: * Other aspects of water uptake 
and extrusion by mitochondria have been reviewed.”: ° 

The pronounced swelling action of simple disulfides prompted us to investigate 
the action of some peptide hormones containing disulfide linkages on water uptake 


and extrusion by isolated rat liver mitochondria. We have found that highly 


purified specimens of vasopressin and oxytocin, as well as insulin, greatly accelerate 
water uptake by mitochondria; on a molar basis these hormones are much more 
active than simple disulfides such as GSSG. Their action, like that of simple 
disulfides, is greatly potentiated by reduced glutathione. Preliminary accounts of 
these experiments have been presented.* 

Experimental Details —The uptake and ATP-linked extrusion of water by freshly 
isolated rat liver mitochondria (well-fed Wistar rats) suspended in media of 0.125 M 
KCI-0.02 M_ tris(hydroxymethyl)aminomethane at pH 7.3 were measured by 
following changes in light absorption at 520 my as described before.*: 1! The 
synthetic oxytocin was a gift of Dr. A. Z. Lane of Parke, Davis Co., Detroit, and 
assayed 480 International units per mg, or approximately the activity given by the 
best preparations described. The vasopressin employed was purified by chroma- 
tography on carboxymethyleellulose according to Ward and Guillemin,'? using as 
starting material a specimen of beef vasopressin, also obtained through the courtesy 
of Dr. A. Z. Lane, which assayed 80 pressor units per mg. The fractions collected 
from the column were assayed for pressor activity in the pithed cat as well as for 
activity in promoting mitochondrial swelling. The bioassay of pressor activity 
was kindly carried out by Dr. Morris Rosenfeld, Department of Pharmacology and 
Experimental Therapeutics, The Johns Hopkins School of Medicine. The vaso- 
pressin isolated from the peak tubes (Fig. 1) assayed over 400 pressor units per mg 
and can thus be considered to be essentially pure. This peak also possessed the 
greatest activity in causing mitochondrial swelling. 
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Fic. 1—Chromatographic purification of 
vasopressin and mitochondrial swelling activ- 
ity. Five hundred mg of crude vasopressin 
were chromatographed on carboxymethyl- 
cellulose with an elution gradient of 0.02 M 
to 0.2 M ammonium acetate, pH 6.0-7.0. 
The dotted line gives protein concentration 
and the solid line pressor activity. 
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Fic. 2.—Water uptake by rat liver mito- 
chondria in the presence of disulfide hor- 
mones. The medium was 0.125 M KCI- 
0.02 M tris-HClI buffer, pH 7.3; temperature 
was 21°. The 5.0 ml system contained 0.5 
mg mitochondrial protein. The dotted line 
gives the rate of swelling in absence of 
hormone. 


The insulin was an amorphous low-zine preparation (Lot W1282) kindly provided 
by Dr. Otto K. Behrens of the Lilly Research Laboratories, Indianapolis. 

Stimulation of Mitochondrial Water Uptake by Disulfide Hormones.—The data 
from typical experiments in Figure 2 show the effect of oxytocin, vasopressin, and 
insulin on the rate of swelling of rat liver mitochondria in a KCl-tris medium. 
From these and many similar experiments it was found that both oxytocin and 


vasopressin are potent mitochondrial swelling agents, both having the same order of 


activity. Easily detectable swelling was given by a concentration of 2 X 10-> M 
and a level of 6 X 10-5 VW hormone produced about the same swelling effect as 
5-10 mM GSSG.* The neurohypophyseal hormones are thus 50-100 times more 
active than the simple disulfide GSSG. 

Also shown in Figure 2 is the swelling effect of a low-zine insulin preparation. 
It is seen that 1 X 10° VM insulin gives a detectable effect, and 3 & 10 gives a 
very high rate of swelling. Insulin at this pH, concentration, and ionic strength 
occurs largely as the hexamer (Mol. wt. = 36,000)'*:; the monomer contains 3 
disulfide bridges. Since it is not known which molecular species is active, and 
whether all the disulfide bridges participate, the molar activity of insulin is difficult 
toassess. However, it is clear that it has an activity of the same order of magnitude 
as that of the neurohypophyseal hormones, if not greater. Actually, independent 
experiments of Melhuish and Greenbaum" had shown that zine-insulin causes mito- 
However, since Zn** itself is a very potent swelling agent, 
The present experi- 


chondrial swelling. 
the significance of their observations was not entirely clear. 
ments with an insulin preparation containing less than 0.04 per cent zine provide 
more satisfactory and clear-cut evidence for the inherent activity of insulin itself in 
stimulating water uptake by mitochondria. 

Similar experiments with the three hormones on mitochondria suspended in a 
medium of 0.3 M sucrose-0.02 M tris rather than KCl-tris gave about the same 
results. In addition it was observed that all three hormones stimulated the swelling 
of rat kidney mitochondria, with approximately the same potency. 

The swelling induced by the hormones is maximal at pH 7.0-7.3, as is that in- 
duced by GSSG.* The swelling induced by thiols, on the other hand, is maximal 
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between pH 7.5 and pH 8.0. Serum albumin and ATP inhibit the swelling induced 
by the hormones as well as by simple disulfides such as GSSG. On the other hand, 
swelling induced by thiols is not inhibited by serum albumin or ATP.!: *: "6 

Potentiation of Action of Disulfide Hormones by Reduced Glutathione.—Data in 
Table 1 demonstrate that reduced glutathione, in low concentrations which give no 
significant swelling action alone, may greatly potentiate the swelling action of 
oxytocin, vasopressin, and insulin. Tested in the most sensitive and critical range, 
GSH brings about enhancement of the action of these hormones of tenfold or more. 
For example, | X 10~-° M insulin gave no significant increase in swelling rate. 
However, addition of 1 X 10~* MW GSH, which has just barely measurable activity 
itself (this is somewhat less than the normal concentration in whole liver), greatly 
potentiates the action of this concentration of insulin. 

Such potentiation of the swelling action of the disulfide hormones by thiols is in 
agreement with earlier experiments showing potentiation by combinations of simple 
thiols and disulfides, such as the homologous mixture GSSG + GSH or mixed 
combinations such as cysteine + GSSG.* The normal tissue concentrations of 
GSH and other thiols are thus sufficient to potentiate the swelling action of the 
disulfide hormones by an order of magnitude or more. This potentiation effect is 
critically dependent on the concentration and the ratio of the thiol and disulfide; 
at certain ratios it may be absent or even shown an inhibition, in the case of either 
simple compounds’ or the hormone systems studied here (see Exp. 13 and 14, 


Table 1). 


TABLE 1 
POTENTIATION OF ACTION OF DisULFIDE HORMONES By GSH on WatTerR UpTakE BY 
MITOCHONDRIA 
Water uptake 
AO.D.520 xX 103 
Oxytocin ) ip * J 10 
“ , 10-5, 50 
6M 10 
aa ‘VM 5 
Oxytocin > xX 1074] : 1M 115 
ie H x 105° M k 6M 160 
Vasopressin ‘ x 10° M 10 
“s 2 10-5 M 195 
5M 0 
6M 0 
Vasopressin 2.4 K 10°° M a 5M 80 
= , 10> M py 6M 120 
(105M + 2M 5M 10 
- xX 10° M 4 nape 6M 155 
Insulin (105M 0 
i : (105M 140 
x 10°39 M 15 
Insulin 10> M x 10-3. 130 
= 3 <105M + = x 10-3 M 220 
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Data are given in terms of the decrease in optical density x 10%) at 520 my which occurs after 
60-min exposure of mitochondria to hormones and GSH as shown, corresponding to water uptake. 


Reversal of Hormone-Induced Swelling by AT P.—Figure 3 shows that addition of 
ATP causes reversal of oxytocin-induced swelling of rat liver mitochondria, as well 
as swelling induced by the “mixed”? combination of oxytocin and GSH. This 


finding agrees with earlier experiments showing that water uptake induced by 
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Fic. 4.—Stimulat- 
ing effect of insulin 
on the ATP-dependent 
water extrusion in the 

Fic. 3.—ATP-dependent water ex- presence of GSH. 
trusion from oxytocin-swollen mitochon- After a swelling period 
dria. Conditions as in Figure 2. At of 60 minutes, ATP, 
the arrows ATP, MgCl, and bovine Mg ** and serum albu- 
serum albumin added to give concentra- min were added to the 
tions of 5 mM, 5 mM, and 0.2 mg per swollen mitochondria. 
ml, respectively. Curve I, control (no The swelling induced 
hormone); II, 5 X 1075 M oxytocin by 10 mM GSH is not 
added as swelling agent; III, 5 x 107° reversed by ATP, but 
M oxytocin + 3 X 10° M GSH; and addition of 10 uM 
IV, 1.5 X 10-4 M oxytocin. GSH at insulin to the medium 
3X 10-6 M gives no stimulation of restores the contrac- 
swelling tested alone. tion effect. 


GSSG or GSSG + GSH is reversed by ATP.* On the other hand, swelling induced 
by high concentrations of GSH is not reversed by ATP, but can be reversed if a 
specific mitochondrial protein, namely C-factor, is added to the test medium.” * 
This protein is detached from mitochondria by GSH, but the detachment is largely 


6 


prevented if GSSG is also present in the medium; detachment of the C-factor is a 
function of the ratio of —SH to —S—-S— in the medium.? 

The experiment in Figure 4 shows that mitochondria extrude water in the pres- 
ence of ATP when swelling is stimulated by insulin + GSSH, but not when it is 
stimulated by GSH alone. Similar effects were given by oxytocin and vasopressin, 
and it may be concluded that the hormones act exactly like GSSG in preventing C- 
factor detachment by GSH. 

Discussion.—The data presented in this paper demonstrate that the peptide 
hormones vasopressin, oxytocin, and insulin, all of which contain disulfide bridges, 
are potent swelling agents showing striking similarity in their mode of action to 
simple disulfides such as oxidized glutathione and cystamine. It appears very 
significant that these hormones are some 100 times more active in stimulating water 
uptake than the simple disulfide GSSG. With the additional tenfold enhancement 
of potency given by the presence of very small concentrations of GSH, these hor- 
mones may be as much as 1,000 times more potent than pure GSSG. It is not 
proven by these experiments that it is the disulfide groups of the hormones which are 
specifically and primarily responsible for the stimulation of water uptake; however 
the hormones behave in all respects like the simple disulfides, which in turn differ 
strikingly in their action from other types of swelling agents such as phosphate, 
thyroxine, ete.’.* In particular, potentiation by thiols is a characteristic of 
disulfide-induced swelling and this effect is as pronounced with the hormones as in 
the case of simple disulfides. 
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It may be suggested therefore that the active group of these hormones is the 
disulfide group, and that the activity of this group in stimulating water uptake is 
greatly enhanced above that of simple disulfides by the specific amino acid sequence 
and peptide chain conformation on either or both sides of the disulfide bridge(s) of 
the hormones. This suggestion is in full agreement with our earlier finding that 
even simple disulfides show large differences in swelling activity depending on their 
structure,*® indicating that modifications in structure in the neighborhood of the 
disulfide group can produce large changes in swelling activity. Furthermore, it 
is also known that hormonal activity depends on the presence of certain amino 
acids in an appropriate sequence; only limited amino acid replacements are pos- 
sible for retention of activity.” 

It is very significant that beef anterior pituitary growth hormone, which contains 
four disulfide linkages, has also been found by Melhuish and Greenbaum" to cause 
mitochondrial swelling at very low concentrations, i.e., 2 * 10-* M. These 
authors did not comment on a possible role of disulfide groups in the action of 
growth hormone or insulin, but in view of the data reported in this and other 
papers! * the relationships developed here may very likely include the case of 
growth hormone. 

We have also examined a large number of other proteins and peptides for their 
ability to promote mitochondrial swelling, but in general these have little or no 
activity, and often inhibit swelling. It therefore appears that the swelling reaction 
is not given by all peptides or proteins containing disulfide groups. Melhuish and 
Greenbaum, however, reported that adrenocorticotrophic hormone (which contains 
no sulfhydryl or disulfide groups) also causes mitochondrial swelling at low concen- 
trations.‘ This appears to be an important exception, and requires further 
examination. It may be noted, however, that this hormone shows an anomalously 
high sensitivity to oxidizing agents." 

It appears probable that the concentrations of the disulfide hormones required 
in vitro to produce significant stimulation of water uptake in liver mitochondria over 
the short reaction periods studied here are considerably higher than the intra- 
cellular concentration of these hormones in their target tissues in the intact normal 
animal. For this and other reasons it would be wholly premature to conclude that 
the effects described here represent the mode of action of these hormones. Further- 
more, even though swelling of mitochondria is stimulated by only a relatively few 
physiologically occurring compounds (inorganic phosphate, Cat*+, GSH, GSSG, 
higher fatty acids, ascorbic acid),’:* it would seem highly unlikely that the six 
different hormones now known to stimulate swelling of mitochondria in vitro 
(thyroxine,” growth hormone, oxytocin, vasopressin, insulin, and adrenocortico- 
trophic hormone) all act physiologically in their endocrine function on mitochon- 
dria, even if different specific receptor sites on the mitochondria were postulated. 
However, it is a purpose of this paper to propose the concept that the swelling action 
of the disulfide hormones on the membranes of mitochondria, if not actually a nor- 
mal physiological event, may at least be a very useful experimental model of the 
action of these hormones on those target structures, presumably membranes, on 
which they normally act in their endocrine function. These findings also have a 


second peint of significance: they suggest that all the disulfide hormones may have 
basically the same mode of attack via the disulfide group, but through differences 
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in peptide structure each is presumably specific for a given site in one or another 
specific membrane. 

There is increasing experimental support, which cannot be quoted in full, for 
the now widely held view that many hormones, in particular insulin, vasopressin, 
and oxytocin, act primarily by modifying the properties of certain membranes. 
In the case of insulin, many investigations, '!* beginning with those of Levine and his 
colleagues, have established that this hormone increases the penetration of certain 
substances into cells. Furthermore, Barrnett and Ball have shown that insulin 
increases the rate of pinocytosis in adipose tissue.”? The neurohypophyseal hor- 
mones also alter membrane functions. For example, they promote passage of 
water and other small molecules such as acetamide through isolated toad skin?! or 
bladder.22. Their antidiuretic effect on mammalian kidney has been attributed to 
increased permeability of the distal tubule to water, especially on the basis of 
micropuncture experiments.?* There are therefore strong points of evidence 
which support the membrane hypothesis for the action of these hormones. 

The membrane hypothesis has recently been given much more direct chemical 
support. Fong et al.2* have demonstrated that tritium-labeled vasopressin when 
administered to rats can be recovered again, attached by a covalent linkage to a 
kidney protein, which presumably originated from a membrane. The properties 
of the linkage indicated it to be a disulfide and it was suggested that the vasopressin 
had formed a mixed disulfide by reaction with a sulfhydryl group of a specific kidney 
receptor protein, by means of a disulfide-sulfhydry! interchange reaction. It was 
also postulated that formation of such a mixed disulfide between hormone and 
membrane initiates a “chain” of disulfide-sulfhydryl interchange reactions in the 
membrane, such as first described by Huggins, Tapley, and Jensen,” which could 
lead to alteration of permeability by changes in the conformation or arrangement of 


protein molecules in the membrane. Cadenas et al.** have presented similar evi- 


dence that insulin is bound by tissues via a mixed disulfide linkage. 

The suggestion made in this paper that all the disulfide hormones may have their 
basis of action primarily through their disulfide groups, under modification by a 
specific amino acid sequence and peptide chain conformation, has been given 
striking support by an independent experimental finding. Mirsky and Perisutti 
have recently reported that oxytocin has an insulin-like action on the rate of 
lipogenesis from carbohydrate and on the rate of carbohydrate oxidation in adipose 
tissue in vitro.7 

It is also becoming increasingly evident that many different biological mem- 
branes, such as the plasma membrane, endoplasmic reticulum, perinuclear envelope, 
the mitochondrial membranes, myelin sheath, erythrocyte membrane, etc., possess 
the same basic stratified lipid-protein arrangement, with approximately the same 
behavior toward osmic acid and other stains and with comparable dimensions. 
The disulfide hormones may therefore attack all types of membranes under suitable 
conditions (i.e., when present in high concentrations) by fundamentally the same 
mechanism, because of the chemical and structural similarity of the membranes. 
However, each of the hormones may show its true biological specificity by being 
able to attack under conditions of low concentration only one specific type of 
membrane of perhaps a very specific cell type. Actually, the action of these 
hormones should not be thought of as limited to the cell or plasma membrane but 
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may occur with the membranes of internal structures, as pointed out by Peters™ 
and also by Hechter et al.*° 

Finally, it should be pointed out that the potentiation of the swelling action of 
the disulfide hormones by the simple sulfhydryl compound GSH described here 
provides an additional element through which biological control can be exerted. 
Obviously the intracellular concentration of GSH can become an important de- 
terminant of the activity of a given concentration of the disulfide hormones. It is 
therefore of some interest that the concentration of both GSH*® and glutathione 
reductase*! in some tissues is a function of endocrine state. Furthermore, gluta- 
thione reductase is very strongly inhibited by the free B chain of insulin in the 
reduced state, as shown by Mize and Langdon.*! *? It appears possible then that 
GSH performs an important “buffering” function in regulating the attack of 
disulfides on membranes, which may itself be under feed-back control through 
glutathione reductase. 

The characteristic action of the disulfide hormones on isolated liver mitochondria 
as described, considered as a model system for studying the interaction of these 
hormones with their specific target membranes, may provide new experimental 
approaches to locating their specifie cellular and intracellular sites of action. We 
are continuing this approach to include chemical and kinetic studies of the reaction 
of labeled disulfides including hormones with mitochondrial membrane components 
and identification of the number and types of covalent linkages. 

Summary.—The three disulfide hormones oxytocin, vasopressin, and insulin 
greatly stimulate respiration-dependent uptake of water by isolated rat liver and 
kidney mitochondria, and their action closely resembles the swelling action of 
simple disulfides such as oxidized glutathione. The disulfide hormones are at least 
50-100 times more active, mole for mole, than the simple disulfide GSSG, suggesting 


the possibility that amino acid sequence and peptide chain conformation specifically 


enhance the swelling action of the disulfide group. A number of other proteins 
containing disulfide groups do not stimulate water uptake. The swelling action of 
the hormones is further potentiated about tenfold by low concentrations of reduced 
glutathione which have no effect tested alone. The swelling produced by the 
hormones is reversed again by ATP. 

It is proposed on the grounds of chemical and ultrastructural similarities of 
biological membranes, as well as other recent findings, that the swelling action of the 
disulfide hormones on isolated rat liver mitochondria may be a useful experimental 
model for the action of these hormones on their normal target sites, which much 
recent evidence indicates to be membranes of one type or another. 
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SYNTHETIC POLYNUCLEOTIDES AND THE AMINO ACID CODE* 
By Peter LENGYEL, JosePH F. SPEYER, AND SEVERO OCHOA 
DEPARTMENT OF BIOCHEMISTRY, NEW YORK UNIVERSITY SCHOOL OF MEDICINE 


Communicated October 25, 1961 


The problem of coding in protein biosynthesis, i.e., of how a certain sequence of 
four different nucleotides in an RNA! chain can specify a given sequence of 20 
different amino acids in a polypeptide chain, has been considered by several in- 
vestigators in the last decade. Until now these studies have been either theo- 
retical? * or statistical‘ in nature. 
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Increased knowledge of the mechanism of protein biosynthesis, the concept of 
messenger RNA as the actual template,’ and especially the observation of Brenner 
et al (cf. also Gros et al.*) that after infection of Escherichia coli with T, phage 
the newly formed messenger RNA is added to preexisting ribosomes (on which 
most of the protein synthesis of the infected cell occurs) suggested the use of 
synthetic polyribonucleotides, with known nucleotide sequences, as messengers 
and a possible method of experimental approach to the nucleotide code. The 
simplest possible sequence is that in homopolynucleotides which, if active, should 
prescribe the formation of homopolypeptide chains. These homopolynucleotides 
as well as copolymers containing two or more different nucleotide species in pre- 
determined ratios can be synthesized by polynucleotide phosphorylase." 

We wish to report that various kinds of syathetic polynucleotides are active as 
messengers in an E. coli system and indeed determine the incorporation of different 
amino acids into an acid-insoluble product. That is the case for phenylalanine, 


serine, and tyrosine with polymers contaiming uridylic acid, uridylie acid and 


cytidylic acid, and uridylic acid and adenylic acid respectively. 

Recently Nirenberg and Matthaei!! succeeded in obtaining a poly U-dependent 
synthesis of polyphenylalanine in a system of F. coli supernatant and ribosomes. 

Preparations.—E. coli ribosomes were prepared from log phase cells grown on enriched media 
(0.5 per cent glucose, 0.5 per cent trypticase, 0.5 per cent yeast extract). The cells were washed 
twice with ice-cold 0.2 17 KCl and once with 0.02 M Tris-HCl buffer, pH 7.9, containing 0.01 M 
MgCl, and 0.005 M mercaptoethylamine. They were then resuspended in 2 volumes of the same 
medium and disrupted for 3 min at maximum power in a 10 ke Raytheon oscillator at 5°. The 
suspension was centrifuged twice for 30 min at 3—4° and 30,000 g to remove debris and intact cells. 
The extract was centrifuged at low temperature for 2 hr in the preparative Spinco centrifuge at 
105,000 g. The clear supernatant fluid was collected, the sediment containing the ribosomes was 
rinsed with Tris-HCl buffer, pH 7.9, containing 0.01 W MgCle, 0.02 M KCl, 0.2 M sucrose, and 
0.5 per cent Lubrol (Imperial Chemical Industries) and suspended in this medium, with use of a 
glass homogenizer, to give a concentration of 20 mg of protein/ml. This suspension was layered 
over a solution containing 0.034 M Tris-HCl buffer, pH 7.9, 0.01 4 MgCh, 0.6 M KCI, and 0.3 M 
sucrose, and again centrifuged for 3 hr at 105,000 g. The particles were then suspended in 0.1 M 
Tris-HCl buffer, pH 7.9, containing 0.01 WM MgCl. and 0.02 M KCl, to give a concentration of 
10 mg of protein/ml, frozen in dry ice, and kept in a freezer at —18°. The ribosomes are stable 
under these conditions. They can also be kept after lyophilization. Rat liver ribosomes were 
prepared by the method of Rendi and Hultin.'* Rat liver supernatant was prepared by the 
method of Zamecnik and Keller.!* For some experiments the precipitate obtained by bringing the 
E. coli supernatant to pH 5.0 was dissolved in 0.05 M Tris-HCl buffer, pH 7.9, containing 0.005 
mercaptoethylamine, and used in place of the supernatant. This treatment aimed at reducing 
the level of endogenous amino acids in the system. Transfer RNA (S-RNA) was prepared from 
E. coli supernatant as described by Hoagland ef al.'* 

Polyribonucleotides were prepared with Azotobacter vinelandii polynucleotide phosphorylase 
(specific activity, 62) as previously described.” After precipitation with ethanol, the polymers 
were dissolved in 0.04 17 NaCl-0.005 M sodium citrate and the solution was extracted with phenol 
according to Gierer and Schramm.” The aqueous solution was dialyzed against distilled water 
for 5 hr at 3° and the polymer recovered by lyophilization. Poly UC was prepared from a mixture 
of UDP and CDP in molar ratio 5:1, poly UA from a mixture of UDP and ADP in a molar ratio 
5:1, and poly CU from UDP and CDP in molar ratio 1:5. The preparation of polythio U has 
been previously described."* 5-Fluorouridine 5’-diphosphate, used in the preparation of poly- 
fluoro U,7 was a synthetic product kindly supplied by Dr. Charles Heidelberger, University of 
Wisconsi) , Madison, Wisconsin. The sedimentation coefficients of the polynucleotides used in 
this work are listed in Table 1. Nucleoside diphosphates were obtained from the Schwarz Lab- 
oratories, Mount Vernon, N. Y., and the Pabst Laboratories, Milwaukee, Wisconsin. C'*- 
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labeled amino acids were obtained from the California Biochemical Corporation under allocation 
from the Atomic Energy Commission. 

Methods.—In order to decrease the “blank’’ incorporation of labeled amino acids in the absence 
of added polynucleotides, E. coli ribosomes and supernatant were preincubated for 15 min at 37° 
in a mixture containing in 1.0 ml the following components (in umoles unless otherwise specified ): 
Tris-HCl buffer, pH 7.9, 37; Lubrol, 1.8 mg; KCl, 55; MgCh, 13; mercaptoethylamine, 11; 
ATP, 0.9; GTP, 0.22; creatine phosphate, 12; creatine kinase, 44 ug; each of 20 nonlabeled 
amino acids, 0.09; ribosomes with 4 mg of protein; and supernatant with 4 mg of protein. For 
amino acid incorporation each sample contained 0.1 ml of the above preincubated mixture and 
0.15 ml of a basic reaction mixture of the following composition (in umoles unless otherwise speci- 
fied): Tris-HCl buffer, pH 7.9, 10.5; Lubrol, 0.6 mg; KCl, 15.3; MgCl, 2.5; mercaptoethyl- 
amine, 3.1; ATP, 0.25; GTP, 0.06; creatine phosphate, 3.3; and creatine kinase, 12.5 wg. Other 
additions, as noted in the tables, included C'*-labeled amino acid (specific radioactivity 1 to 10 
uc/umole), 0.025 we; transfer RNA, 0.5-1.0 mg; and polynucleotide, 0.04 umole as mononucleo- 
tide. The latter amount was found to be optimal for poly U; higher concentrations were in- 
hibitory. After incubation for 1 hr at 37° the reaction was stopped by the addition of 5 ml of 10 
per cent trichloroacetic acid and the samples were worked up according to the procedure of 
Zamecnik et al.'8 The radioactivity of the acid-insoluble residue was measured with a windowless 
gas-flow counter. Amino acid incorporation is expressed throughout in mumoles/mg ribosomal 
protein 


TABLE 1 
SEDIMENTATION COEFFICIENTS OF SYNTHETIC POLYNUCLEOTIDES 

Polynucleotide S2, 
Poly A 17 
Poly U (sample 1) 10.3 
Poly U (sample 2) 4. é 
Poly C Ss 
Poly UC 9.% 
Poly UA y 
Poly thio U 
Poly fluoro U i) 


In the experiment in which rat liver and EF. coli ribosomes were compared, the preincubation 
described above was omitted and no transfer RNA was added. Protein was determined by the 
method of Lowry ef al.!® 

Results.—Poly U-dependent incorporation of phenylalanine in E. coli system: 
Investigation of the incorporation of different C'-labeled amino acids into an acid- 
insoluble product by an EF. coli supernatant plus ribosomes system, with and with- 
out the addition of poly U, showed that out of 19 amino acids (C'*-labeled as- 
paragine was not available to us) tested individually only the incorporation of 
phenylalanine was markedly stimulated by poly U. A small stimulation of the 
incorporation of leucine and isoleucine was also observed. The effect of poly U 
on the incorporation of phenylalanine is shown in Table 2. It may also be seen 
that addition of F. coli transfer RNA brought about a further pronounced increase 
of phenylalanine incorporation. Since poly U did not affect the loading of transfer 
RNA with phenylalanine, catalyzed by the amino acid activating enzymes in the 
supernatant, it appears that poly U affects the transfer of activated phenylalanine 
residues from the specific phenylalanine-transfer RNA to the ribosomes; this indi- 
cates that poly U acts as messenger RNA in this system. As shown by Nirenberg 


and Matthaei,!' polyphenylalanine, which is exceedingly insoluble, is formed 
under these conditions. With the highest concentration of transfer RNA used 
(Table 2) one mole of phenylalanine was incorporated for every 3.25 uridylic acid 





Vou. 47, 1961 BIOCHEMISTRY: LENGYEL, SPEYER, AND OCHOA 


TABLE 2 
Errect oF EF. coli TRANSFER RNA ON THE PoLty U-DEPENDENT INCORPORATION OF PHENYL- 
ALANINE* 


Additions to basal system 
7 Transfer RNA 
Poly I mg/ml) Phenylalanine incorporationt 


_ 0 l 
= 9 | 


+ 0 3.6 
-+ 2 9.2 
- 6 5 
ak +8] ; 6 


* Incubation 30 min at 37°. 
T mumoles/mg of ribosomal protein. 


residues in the poly U added. The incorporation of phenylalanine was inhibited 
by puromycin and, to a lesser extent, by chloramphenicol. 

Experiments with other homopolymers: The effect of poly A, poly thio U, and 
poly fluoro U was investigated in experiments similar to those of Table 2 but 
without the addition of transfer RNA. Poly A did not stimulate the incorporation 
of any of 19 amino acids tested. Addition of poly A to a system containing poly 
U completely inhibited the effect of the latter. This is undoubtedly due to for- 
mation of the double-stranded, helical poly A + U complex. Poly thio U (which 
appears to be multi-stranded”: 2!) had no effect,?? and poly fluoro U (which like 
poly U is single-stranded”) had but a small effect on phenylalanine incorporation. 
Poly C had a small but consistent effect on the incorporation of proline (cf. foot- 
note 11) but had no influence on that of any other amino acid. It may be of in- 
terest that a short-chain poly U (poly U sample 2, Table 1) was about 40 per cent 
as effective as an equimolar amount of the longer-chain poly U used throughout 
this work (poly U sample 1, Table 1) in promoting phenylalanine incorporation. 

Experiments with rat liver ribosomes: Poly U had no effect on the incorporation 
of phenylalanine by a system of rat liver supernatant plus ribosomes (Table 3). 


TABLE 3 
Poty U-DEPENDENT INCORPORATION OF PHENYLALANINE BY E. coli AND Rat LiveR RIBOSOMES 
Phenylalanine incorporation* 

4h 


a Ratio 
Supernatant Ribosomes No poly lt With poly U b/a 
Liver Liver 0.40 0.46 
E. coli E. coli 0.07 3.29 
Liver E. coli 0.06 0.17 
E. coli Liver 0.16 ‘8 


* mumoles/mg of ribosomal protein. 


However, no transfer RNA was added in these experiments and, considering the 
pronounced effect of transfer RNA on the EF. coli system, this negative result can- 
not be considered conclusive. With the unsupplemented rat liver system there 
was no effect on either poly A, poly U, or poly C on the incorporation of any of 19 
amino acids tried singly. However, as seen in Table 3, poly U had a fairly marked 
effect on the incorporation of phenylalanine by a system of F. coli supernatant 
plus rat liver ribosomes. This was not true for the opposite combination, i.e., 
liver supernatant plus F. coli ribosomes. Thus, the ineffectiveness of poly U 
with the rat liver system is related to the soluble components of this system. It is 
too early to speculate on the significance of this observation, but the finding that 
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rat liver ribosomes can be substituted for EL. cold ribosomes for poly U-dependent 
incorporation of phenylalanine is not without interest. 

Effect of synthetic homo- and copolymers on amino acid incorporation in E. colt 
system: The results of these experiments are summarized in Table 4. The in- 


TABLE 4 
Amino Acip INCORPORATION IN E. coli SYSTEM WITH VARIOUS POLYNUCLEOTIDES* 


Polynucleotide 

Amino acid None ( Poly C Poly UC Pcly UA Poly CU 
Phenylalanine 0.03 7 3 0.02 
Serine 0.02 0.01 6 0.01 
Tyrosine 0.02 )2 0.75 
Leucine 0.02 0.3 [6 0.46 0.038 
Isoleucine 0.01 0.09 0.32 0.62 0.007 
Proline 0.02 0.02 0.06 0.6 0.038 0.14 

* mumoles/mg of ribosomal protein 19 amino acids were tested individually in all cases, but the ones 


giving negative results have been omitted from the table. All values except those for poly CU) are 
averages of at least two separate experiments. 


corporation of phenylalanine was stimulated to a decreasing extent by poly U, 
poly UC, and poly UA. Most significant is the fact that some of the copolymers 
stimulated the incorporation of amino acids other than phenylalanine. Thus, 
whereas poly UC, and only this polymer, stimulated the incorporation of serine, 
only poly UA stimulated the incorporation of tyrosine. Less clearcut results 
were obtained with leucine and isoleucine, the incorporation of both of which was 
significantly stimulated by poly U, poly UC, and poly UA. Highest incorporation 
of leucine was promoted by poly UC whereas poly UA brought about the highest 


incorporation of isoleucine. Ambiguous results were also obtained with proline, 


the incorporation of which was stimulated by poly C, poly CU, and poly UC in 
order of increasing effectiveness. 

Discussion.—In contrast to poly UC (U:C = 5:1) poly CU (U:C = 1:5) was 
almost ineffective in promoting amino acid incorporation (Table 4). The reason 
for this pronounced discrepancy may be sought in the fact that, contrary to natural 
messenger RNA (or to poly U), the synthetic copolymers do not provide an un- 
broken sequence of code units. Hence, as far as amino acid incorporation jis con- 
cerned, there must be many gaps along their chains. This situation might result 
in the formation of short-chain, acid-soluble polypeptides which would escape 
detection by the procedure used here. Copolymers such as poly UC and poly UA 
containing relatively long unbroken U sequences together with some other code 
units might give rise to short, but acid-insoluble, polyphenylalanine chains with 
occasional serine, leucine, tyrosine, or isoleucine residues. Viewed in this way, a 
high proportion of U in a synthetic copolymer would provide a convenient “handle’”’ 
for incorporation of amino acids other than phenylalanine into short, acid-insoluble 
polyphenylalanine chains. 

If poly U codes for polyphenylalanine, a short sequence of three or more U resi- 
dues would be the code letter for phenylalanine. If for the sake of simplicity we 
assume a triplet code, the ratio of UUU to UUC (or UCU, or CUU) triplets in a 
random copolymer of the composition of poly UC would be the same as the U:C 
ratio of the polymer, i.e., 5:1. The ratio of UUU to UCC (or CUC, or CCU) 
triplets would be 25:1. From Table 4 the ratio of phenylalanine to serine incor- 
poration with poly UC was 4.4:1. On the basis of this resu't the triplet code letter 
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for serine would be either UUC, UCU, or CUU. The ratio of phenylalanine to 
tyrosine incorporated with poly UA (U:A = 5:1) was 4.0. This would make 
either UUA, UAU, or AUU as the likely triplet code letter for tyrosine. 

The overlapping results obtained with leucine and isoleucine are difficult to 
explain, but, if maximal stimulation is taken as the meaningful result, the triplet 
code letters for these two amino acids would contain 2U and 1C and 2U and 1A, 
respectively. Difficulties are also encountered with proline (Table 4). Using the 
same criterion as for leucine and isoleucine, one would tentatively assign a triplet 
code letter containing 1U and 2C to this amino acid. On the other hand, the 
greater effectiveness of poly UC as compared to poly C might be due to the pro- 
vision of an insoluble polyphenylalanine “handle” for the proline residues. Thus 
it is possible that CCC is really the triplet code letter for proline. Jt is of interest 
in this connection that, in a nitrous acid mutant of tobacco mosaic virus described 
by Tsugita and Fraenkel-Conrat,”* a proline residue was replaced by leucine. As 
the nitrous acid effect is due to deamination of C to U, replacement of C by U 
would be in line with the code letters suggested for these amino acids. Our re- 
sults would also be compatible with the fact that proline: phenylalanine ratio of 


wild cucumber and tobacco mosaic virus protein varies in the same direction as the 
24 


C:U ratio of their respective nucleic acids. 

Experiments now in progress with other homo- and copolymers prepared with 
polynucleotide phosphorylase and deductions from amino acid replacement data 
as used by Woese® may be expected to be of further help in deciphering the nucleo- 


tide code. 

Summary. Polyribonucleotides synthesized with polynucleotide phosphorylase 
stimulated the incorporation of certain amino acids into an acid-insoluble product 
by a system of consisting of FE. coli high-speed supernatant and ribosomes. Ad- 
dition of F. coli transfer RNA brought about a further pronounced increase of the 
incorporation of phenylalanine in the presence of poly U. This indicates that the 
polymers affect the transfer of activated amino acid residues from transfer RNA to 
ribosomes and act as messenger or template RNA in this system. In one experi- 
ment with poly U and phenylalanine, without addition of transfer RNA, rat liver 
ribosomes could be substituted for their E. colt counterparts. 

While poly U promoted phenylalanine incorporation, poly UC promoted the 
incorporation of phenylalanine and serine, and poly UA stimulated the incorpo- 
ration of phenylalanine and tyrosine. These and other results reported in this 
paper would appear to open up an experimental approach to the study of the 


coding problem in protein biosynthesis. 


We are indebted to Carlos Basilio for the preparation of poly CU, to R. C. 
Warner and Yo-Yun Chen for the sedimentation coefficients of the synthetic 
polynucleotides, and Albert Lenny and Horace Lozina for skillful technical as- 


sistance. 


Note added in proof.—The results of further experiments to be reported in these PROCEEDINGs, 
with use of other copolymers (UG, UAC, where G stands for guanylic acid residues), extend to 
eleven the list of amino acids incorporated into an acid-insoluble product by the £. coli system 
with different polymers. It now includes cysteine, histidine, isoleucine, leucine, lysine, phenyl- 


alanine, proline, serine, threonine, tyrosine, and valine. 
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THE PREPARATION OF CRYSTALLINE TRANSALDOLASE FROM 
CANDIDA UTILIS 


By 8S. PonTrREMOLI, B. D. PRANpDINI,* A. BONSIGNORE, AND B. L. HorRECKER 


THE INSTITUTE OF BIOLOGICAL CHEMISTRY, UNIVERSITY OF GENOA, GENOA, ITALY AND THE 
DEPARTMENT OF MICROBIOLOGY, NEW YORK UNIVERSITY SCHOOL OF MEDICINE 


Communicated October 23, 1961 
Transaldolase was first isolated from brewer’s yeast! and shown to catalyze the 
reversible reaction: 
Sedoheptulose 7-phosphate + p-glyceraldehyde 3-phosphate = 
p-erythrose 4-phosphate + p-fructose 6-phosphate (1) 
In the course of the reaction a three-carbon unit equivalant to dihydroxyacetone is 
transferred from the donor, which may be either sedoheptulose 7-phosphate or 
p-fructose 6-phosphate, to the acceptor, either p-glyceraldehyde 3-phosphate or 
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p-erythrose 4-phosphate. During transfer the three-carbon group must be firmly 
bound to the enzyme, since free dihydroxyacetone itself does not act as a donor and 
since no reaction occurs in the absence of acceptor. Nor does the active group 
exchange appreciably with free dihydroxyacetone in the medium.! Other sub- 
stances will also act as acceptors in the transaldolase reaction. These include 
ribose 5-phosphate, which yields octulose phosphate,? p-glyceraldehyde and L- 
glyceraldehyde 3-phosphate, which are converted to p-fructose* and p-sorbose 6- 
phosphate respectively,‘ formaldehyde, which yields erythrulose,‘ p-erythrose, 
which yields sedoheptulose,> and pyruvic aldehyde which yields 5-ketofructose.® 
None of these acceptors is as active as p-glyceraldehyde 3-phosphate or p-erythrose 
4-phosphate, which suggests that these compounds are the true acceptor substrates 
for the enzyme. 

The requirement for an acceptor for the active dihydroxyacetone group is no 
longer evident when transaldolase and transketolase act simultaneously with 
fructose 6-phosphate as the donor.’: * In this case sedoheptulose 7-phosphate is 
apparently formed as a result of the following coupled reactions: 


p-lFructose 6-phosphate + transaldolase — p-glyceraldehyde 3-phosphate 
+ transaldolase-dihydroxyacetone complex (2) 


p-l'ructose 6-phosphate + transketolase = p-erythrose 4-phosphate +  trans- 
ketolase-glycolaldehyde complex (3) 


i 


p-Erythrose 4-phosphate +  transaldolase-dihydroxyacetone complex = 
sedoheptulose 7-phosphate + transaldolase 


p-Glyceraldehyde 3-phosphate +  transketolase-glycolaldehyde complex = 
p-xylulose 5-phosphate + transketolase (5) 


» 


Sum: 2 p-fructose 6-phosphate = sedoheptulose 7-phosphate 


+ p-xylulose 5-phosphate (6) 


The amount of each acceptor formed in reactions (2) and (3), either p-glycer- 
aldehyde 3-phosphate or p-erythrose 4-phosphate, is limited by the concentration 
of enzyme added. These concentrations (about 10-°/) are far too low to permit 
reactions (4) and (5) to proceed at measurable rates. Since the over-all reaction 
(6) does proceed without a lag, some other explanation must be sought. 

In order to provide further information on the nature of this reaction, it was 
desirable to obtain transaldolase in pure form and to study the nature of the 
linkage of dihydroxyacetone to the enzyme. We have now developed a procedure 
for the isolation of crystalline transaldolase from low-temperature-dried commercial 
preparations of Candida utilis. When stoichiometric amounts of crystalline 
enzyme are incubated with fructose 6-phosphate-1-C'*, the protein becomes labeled. 
Such labeling of transaldolase was first attained by Venkataraman et al.? who 
demonstrated a slow exchange of radio-active dihydroxyacetone and fructose 6- 
phosphate. More recently, these workers have described the preparation of 


crystalline transaldolase from baker’s yeast and the formation of labeled trans- 


aldolase from radioactive fructose 6-phosphate."” Although our preparation from 
Candida has a considerably higher specific activity then that reported by Venk- 
utaraman and Racker,‘ it becomes labeled to a similar extent. Some properties of 
the labeled enzyme complex are reported in the following paper."! 





1944 BIOCHEMISTRY: PONTREMOLI ET AL. Proc. N. A. S. 


Experimental Procedures.—Materials: Sedoheptulose 1,7-diphosphate was prepared from 
fructose 1,6-diphosphate and fructose 6-phosphate as previously described.!? Coenzymes were 
obtained from the Sigma Chemical Corporation. Fructose 6-phosphate was obtained from 
Boehringer und Soehne and purified when necessary by paper chromatography. Glucose 6- 
phosphate dehydrogenase, aldolase and a-glycerophosphate dehydrogenase containing triose 
phosphate isomerase were also obtained from Boehringer und Soehne. Either this product or 
the 50-70 ammonium sulfate fraction from rabbit muscle! served as a source of these enzymes for 
the transaldolase assay. p-Gluconate 6-phosphate dehydrogenase was a crystalline preparation 


14 


from Candida utilis. 
Candida utilis, dried at low temperature, was generously supplied by the Lake States Yeast 
Corporation of Rhinelander, Wisconsin. Calcium phosphate gel was prepared by the procedure 


of Keilin and Hartree." 

Glucose 6-phosphate-1-C!! was purchased from the Picker Company. The radiochemical 
purity was checked in two ways. In paper chromatography with ethyl acetate-isopropanol as a 
solvent only a single spot was found to be present. The preparation was also tested for the loca- 
tion of the label by treating it with excess of TPN in the presence of glucose 6-phosphate de- 
hydrogenase and p-gluconate 6-phosphate dehydrogenase. This procedure converts glucose 6- 
phosphate to ribulose 5-phosphate and liberates the C-1 carbon as CO». Following the reaction 
the solution was acidified and plated. Only 5 per cent of the count remained, indicating that at 
least 95 per cent of the radioactivity was present as glucose 6-phosphate-1-C'*. Fructose 6- 
phosphate-1-C'* as a contaminant was excluded since both enzyme preparations are free of 
phosphohexose isomerase. 

Methods: Spectrophotometric measurements were made with the Optikon Spectrophotometer 
Radioactivity was measured with a Nuclear-Chicago micromil window gas-flow counter. Correc- 
tions for self absorption were made by adding a standard C™ solution in the solution to be counted 
and recounting it. 

Transketolase was determined as previously reported.'® Ribose phosphate isomerase was 
measured by the procedure of Axelrod and Jang” and phosphohexose isomerase was assayed with 
fructose 6-phosphate, TPN, and glucose 6-phosphate dehydrogenase. Glucose 6-phosphate was 
analyzed with TPN and glucose 6-phosphate dehydrogenase and fructose 6-phosphate by the 
same procedure with phosphohexose isomerase added. 

Protein was determined spectrophotometrically by the method of Bucher.’ As a standard we 
used a thoroughly dialyzed solution of crystalline transaldolase, the protein concentration of 
which was determined by micro-Kjeldahl analysis. t 4 

Enzyme assay: In previous studies with transaldolase! the assay procedure was based on the 
formation of fructose 6-phosphate with sedoheptulose 7-phosphate and p-glyceraldehyde 3- 
phosphate as donor and acceptor substrates, respectively. Fructose 6-phosphate was converted 
to glucose 6-phosphate by hexose phosphate isomerase and coupled to TPN and glucose 6-phos- 
phate dehydrogenase. In the assay mixture p-glyceraldehyde 3-phosphate was generated from 
fructose 1,6-diphosphate by the action of aldolase. This enzyme also served to catalyze the 
removal of erythrose 4-phosphate by condensation with dihydroxyacetone phosphate to form sedo- 
heptulose diphosphate.'? This is essential for the assay, since erythrose 4-phosphate is a powerful 
inhibitor of hexose phosphate isomerase and prevents the formation of glucose 6-phosphate from 
fructose 6-phosphate.” Even under these conditions, however, the reaction velocity is not pro- 
portional to the quantity of transaldolase added and fails to measure the true activity of trans- 
aldolase. The difficulties of transaldolase assay have been discussed by Venkataraman and 
Racker.‘ 

A new assay procedure was developed based on the formation of p-glyreraldehyde 3-phosphate 
from fructose 6-phosphate, according to the following equations: 


- a a aldolase 
Sedoheptulose 1,7-diphosphate “—""“S. p-erythrose-4-phospha te 


+ p-glyceraldehyde 3-phosphate 


, > transaldolase 
Fructose 6-phosphate + p-erythrose 4-phosphate —————-""S. sedohep tulose 


7-phosphate + p-glyceraldehyde 3-phosphate (8) 


The appearance of p-glyceraldehyde 3-phosphate was measured with triose phosphate isomerase, 





Vou. 47, 1961 BIOCHEMISTRY: PONTREMOLI ET AL. 1945 


a-glycerophosphate dehydrogenase and DPNH, in two stages. For the first stage the stock 
assay mixture contained 0.04 M triethanolamine buffer, pH 7.6, 0.01 M ethylenediamine tetra- 
acetate, 10~4 1 DPNH, and 0.5 mg per ml of the preparation containing triose ph®sphate is>mer- 
ase and a-glycerophosphate dehydrogenase activity. This mixture was prepared in advance and 
kept at room temperature for at least 10 min to permit complete conversion of sedoheptulose 
diphosphate to p-erythrose 4-phosphate and triose phosphate (reaction (7)). As required, 1-ml 
samples were transferred to spectrophotometric cells and fructose 6-phosphate added to a final 
concentration of 2 x 10°% M. The second stage (reaction (8)) was begun by the addition of 
transaldolase; the rate of DPNH oxidation under these conditions was proportional to the con- 
centration of thisenzyme. Transaldolase was appropriately diluted to maintain the final reaction 
velocity below 0.03 optical density units per minute. More reproducible results were obtained 
when the diluting solution contained 10~* M fructose 6-phosphate. A unit of enzyme was de- 
fined as the quantity which would produce 1.0 umole of p-glyceraldehyde 3-phosphate per minute. 

Results——1. Purification procedure: (a) Extraction of Candida utilis: The 
dried yeast (150 gm) was suspended in 450 ml of 0.1 N sodium bicarbonate and 
incubated at 26°C for 7.5 hr. The autolyzed mixture was diluted with 2.5 liters 
of cold water and centrifuged. The residue was discarded and the supernatant 
solution retained (“‘Extract,’”’ 2,780 mi). 

(b) Acetone precipitation: All subsequent procedures were carried out in ice or at 
2° unless otherwise specified. One-half of the extract (1,390 ml) was adjusted to 
pH 4.8 with 10 ml of 5N acetic acid and treated with acetone at low temperature 
(—10 to —14°). Three fractions were collected by the successive additions of 
417 ml, 417 ml, and 695 ml of acetone. These additions were made slowly with 
mechanical stirring and the first two precipitates were removed rapidly by centrif- 
ugation at 5,000 g in the high capacity head of the International PR2 or Lourdes 
LRA centrifuge. The last precipitate was allowed to form for 15 min. It was 
then collected and dissolved in 125 ml of cold water and the solution brought to 
pH 7 with 1 N KOH. The procedure was repeated with the remainder of the 
extract and the two solutions combined (250 ml). This was treated with 74.7 gm 
of ammonium sulfate and the precipitate removed by centrifugation and discarded. 
A second precipitate was collected by the addition of 45 gm of ammonium sulfate 
and dissolved in 20 ml of 0.25 M glycylglycine buffer, pH 7.4 (‘‘Acetone fraction,” 
20 ml). 

(c) Caletum phosphate gel adsorption: The acetone fraction was dialyzed for 12 
hr against flowing 0.05 M sodium acetate, pH 7.4. The dialyzed solution (18 ml) 
was diluted with 120 ml of water to bring the protein concentration to about 8.0 
mg/ml and the solution treated with 363 ml of calcium phosphate gel, containing 
1.45 gm of solids. The gel was collected by centrifugation and the enzyme eluted 
first. with 200 ml and then with 121 ml of 0.05 M phosphate buffer, pH 7.8. The 
combined eluates (334 ml) were treated with 126 gm ammonium sulfate, centrifuged 
and the precipitate discarded. The supernatant solution was treated with 53.0 
gm ammonium sulfate and the precipitate collected and dissolved in 12 ml of 0.25 
M glycylglycine buffer pH 7.6 (“Calcium phosphate gel eluate,”’ 12 ml). 

(d) Crystallization: The calcium phosphate gel eluate was treated with 48 ml of 
saturated ammonium sulfate and the precipitate collected by centrifugation. 
This was extracted successively with 20-ml portions of 65 per cent, 60 per cent, 55 


per cent, and 50 per cent saturated ammonium sulfate, respectively. These 


extracts were tested separately; those having specific activity of 8 or greater were 
combined. In the preparation reported the 60, 55, and 50 per cent ammonium 
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sulfate extracts were combined and adjusted to pH 5.2 with 5 N acetic acid. The 
solution was centrifuged at once, to remove a small amount of amorphous pre- 
cipitate, and the supernatant solution was allowed to warm to room temperature. 
After 3-4 hr a light precipitate showing a strong schlieren pattern had formed and 
the solution was placed in the cold room. After 1-2 days the first crystals were 
collected and dissolved in 5 ml of 0.025 M glyeylglycine buffer, pH 7.4 (‘First 
crystals,” 5.3 ml). 

(e) Reerystallization: The solution of first crystals was diluted to 40 ml with 
water and treated with 60 ml of saturated ammonium sulfate solution, to bring the 
saturation to 60 per cent. The pH was 5.3. The solution was kept at room tem. 
perature for 3 hr and then placed in the cold room. After 2 days the crystals were 
collected as before and again recrystallized. The final suspension of crystals was 
stored at 2°. Samples were centrifuged and dissolved as needed (‘‘Twice recrystal- 


lized,” Table 1). 


TABLE 1 


PREPARATION OF CRYSTALLINE TRANSALDOLASE 
Units Specific activity 
Step umoles/min units/mg 

Icxtract 7,600 iy 
Acetone fraction 3,200 2 
Calcium phosphate gel eluate 2,700 5 
First ervstals 1,900 20 
Twice recrystallized 1,800 18.2 


2. Properties of the crystalline preparation: (a) Appearance: Transaldolase 


crystallizes as needles or clusters of needles readily visible with a medium-power 
microscope (lig. 1). There is only a single crystalline form and no evidence of 
noncrystalline material, provided that the solution has been well centrifuged before 


crystallization begins. 

(b) Stability: In contrast to previous preparations of transaldolase,! which are 
unstable, the crystalline enzyme appears to be remarkably stable. Preparations 
have been stored at 2—5° for 3 months with no detectable change in activity. A 
suspension of crystals shipped from Genoa to New York in July without refrig- 
eration was fully active on arrival. Previous preparations were stored with mer- 
captoethanol; this is not necessary with the crystalline preparation. A similar 
stability of the crystalline preparation was observed with p-gluconate 6-phosphate 
dehydrogenase. "4 

(c) Presence of other enzymes: Crystalline preparations of transaldolase 2 or 3 
times recrystallized appear to be free of contaminating enzymes. Phosphohexose 
isomerase activity, which was appreciable in the earlier noncrystalline preparation. ! 
is not detectable in the recrystallized preparations, even when tested at 1,000 x 
the level of enzyme used for the transaldolase assay. The enzyme also shows no 
detectable transketolase activity and is free of ribose phosphate isomerase. 

(d) Formation of the enzyme-dihydroxyacetone complex: In the absence of acceptor 
the crystalline enzyme reacts with 1-C'*-labeled fructose 6-phosphate to form a 
stable transaldolase-dihydroxyacetone complex (equatioi (2)). The properties of 
this complex are described in the accompanying paper. In experiments to deter- 
mine the stoichiometry of the reaction we have found the incorporation of radio- 
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activity in the complex to approach 50 per cent of theory, on the basis of a molecular 
weight of 57,000.?! 
The reaction is rapid and even at 0° is essentially complete in 15 min. Prolonged 


incubation does not significantly increase the extent of labeling (Table 2). 


™‘, 
» 
Fia. 1.—Photomicrograph of transaldolase crystals (450). We are indebted to Adriano 
Capponetto for the photomicrographs. 
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TABLE 2 


FORMATION OF THE TRANSALDOLASE-DIHYDROXYACETONE COMPLEX* 
Equivalence 
Time of incubation Labeled Proteint pmoles per 57,000 gm 
(minutes) epm/ml cepm/mg protein 
15 1080 7,900 0.39 
30 810 6,900 0.34 
45 1540 9,100 0.45 
60 1250 8,900 0.45 


* The reaction mixture (1.0 ml) contained 0.025 M glycylglycine buffer, pH 8.5, 1.8 mg of transaldolase 
(specific activity = 48.2), 0.06 mg of hexose phosphate isomerase and 0.31 zmoles of glucose 6-phosphate- 

1-C'4, containing 1.14 X 10° cpm per umole. Incubation was at 0°. Aliquots (0.2 ml) were taken as 
indi ated and added to 2.0 ml of ammonium sulfate solution which had been prepared at room temperature 
and adjusted to pH 7.5 before use. The mixture was kept for 10 min at 0°, centrifuged, and the precipitate 
washed 2 times with 2-ml portions of 85 per cent saturated ammonium sulfate solution, pH 7.5. Each 
time the walls of the centrifuge were wiped carefully and the precipitate thoroughly suspended in the wash 
solution. After the final centrifugation the precipitate was dissolved in 1 ml of 0.01 M ammonium 
hydroxide solution, and aliquots taken for counting and determination of proteia. 

+ The counts were corrected by a self-absorption fac tor determined in each experiment as described in 
the Methods section. The factor in this case was 1.2 


Discussion.—There are two lines of evidence which indicate that transaldolase 
forms a stable intermediate with dihydroxyacetone in the process of transferring 
this group from substrate to acceptor. First, there is no detectable decomposition 
of substrate in the absence of acceptor and second, there is no significant dilution of 
radioactivity in fructose 6-phosphate-C!* formed from sedoheptulose 7-phosphate- 


C' in the presence of nonisotopic dihydroxyacetone. This stability has recently 
been demonstrated directly by Venkataraman and Racker,'’ who have isolated the 
intermediate by chromatography on carboxymethy] cellulose. 

The formation of such a stable complex provides a valuable approach to the 
important question of the mechanism of action of the aldolase-type enzymes. It is 


essential, however, that the enzyme be available in pure form and in large quantities. 
The procedure reported here makes this possible. It requires only a few operations 
and employs no chromatographic procedures. The over-all yield is nearly 25 per 
cent and the product is highly stable and free of other enzymes. It thus offers a 
number of advantages over the procedure reported recently by Venkataraman and 
tacker.! 

Ultracentrifuge studies have shown the crystalline preparation to be a homo- 
geneous protein of MW = 57,000.2! Calculated from this molecular weight, the 
extent of labeling reaches nearly 50 per cent of theory. Evidence is presented in the 
following paper!! which shows that under the conditions of this experiment only 
one-half of the enzyme has been converted to the dihydroxyacetone complex and 
that the remaining protein is fully active transaldolase. Thus the molecular 
weight derived from labeling experiments agrees with that determined by sed- 
imentation methods. 

The crystalline transaldolase preparations described here have been shown to be 
free of contaminating enzymes. They are stable and homogeneous and, on the 
basis of complex formation with dihydroxyacetone, essentially pure. 


This work was supported by grants in aid from the National Science Foundation and the 
National Institutes of Health. 


Permanent address: Laboratory of Radiology of the C. A. M. E. N., Leghorn, Italy. 
+ We are indebted to Mr. Adriano Capponetto for the Kjeldahl analyses. 
1 Horecker, B. L., and P. Z. Smyrniotis, J. Biol. Chem., 212, 811 (1955). 
2 Racker, E., and E. A. R. Schroeder, Arch. Biochem. Biophys., 66, 241 (1957). 





Vou. 47, 1961 BIOCHEMISTRY: HORECKER ET AL. 1949 


* Bonsignore, A., S. Pontremoli, E. Grazi, and M. Mangiarotti, Biochem. Biophys. Research 
Communs., 1, 79 (1959). 
‘ Venkataraman, R., and E. Racker, J. Biol. Chem., 236, 1876 (1961). 
5 Prandini, B. D., and J. A. Lopes do Rosario, Boll. soc. ical. biol. sper., 36, 1224 (1960). 
6 Grazi, E., M. A. Mangiarotti, and 8S. Pontremoli, in press. 
7 Bonsignore, A., 8S. Pontremoli, G. Fornaini, and E. Grazi, [tal. J. Biochem., 6, 241 (1957). 
§ Pontremoli, S., A. Bonsignore, E. Grazi, and B. L. Horecker, J. Biol. Chem., 235, 1881 (1960). 
® Venkataraman, R., A. EK. Datta, and E. Racker, Federation Proc., 19, 82 (1960). 
1 Venkataraman, R., and E. Racker, J. Biol. Chem., 236, 1883 (1961). 
'! Horecker, B. L., 8. Pontremoli, C. Ricci, and T. Cheng, these PRocEEDINGs, 47, 1949 (1961). 
12 Smyrniotis, P. Z., and B. L. Horecker, J. Biol. Chem., 218, 745 (1956). 
138 Taylor, J. F., A. A. Green, and G. T. Cori, J. Bio!. Chem., 173, 591 (1948). 
'4 Pontremoli, 8., A. de Flora, E. Grazi, G. Mangiarotti, A. Bonsignore, and B. L. Horecker, 
J. Bicl. Chem., in press. 
'5 Keilin, D., and E. F. Hartree, Proc. Roy. Sec. London, Series B, 125, 397 (1938). 
'6 Horecker. B. L., P. Z. Smyrniotis, and H. Klenow, J. Biol. Chem., 205, 661 (1953). 
7 Axelrod, B., and R. Jang, J. Biel. Chem., 209, 847 (1954). 
8 Biicher, T., Biochim. et Biophys. Acta, 1, 292 (1947). 
19 Horecker, B. L., P. Z. Smyrniotis, H. H. Hiatt, and P. A. Marks, J. Biol. Chem., 212, 827 
(1955). 
*” Grazi, E., A. de Flora, and 8S. Pontremoli, Biochem. Biophys. Research Communs., 2, 121 
(1960). 
21 The molecular weight determinations were carried out by Dr. R. C. Warner of New York 
University School of Medicine, using the Archibald method. The details of the ultracentrifuga- 
tion studies will be published elsewhere. 


ON THE NATURE OF THE TRANSALDOLASE-DIHY DROX YACETONE 
COMPLEX 


By B. L. Horecker, 8. Pontremout,* C. Riccr,t Aanp T. CHENG 
DEPARTMENT OF MICROBIOLOGY, NEW YORK UNIVERSITY SCHOOL OF MEDICINE 
Communicated October 23, 1961 


During recent years there has been considerable progress in the elucidation of 
the mechanism of action of the aldolases, particularly with respect to the activation 
of the substrate. (For a review of this subject, see ref. 1.) However, little in- 
formation has been gained relating to the nature of the active site on the enzyme, 
apart from the work of Swenson and Boyer? with sulfhydryl reagents. 

The enzyme transaldolase is distinguished from other aldolases by the fact that it 
catalyzes not merely the cleavage of an aldol linkage to form a pair of products, but 
rather a transfer of a dihydroxyacetone group from one molecule to another: di- 
hydroxyacetone itself is not a substrate for the enzyme. It has been proposed*~® 
that a stable intermediate is formed with the dihydroxyacetone group firmly bound 
to the enzyme, from which it is removed only when a suitable acceptor is present 
or when the enzyme is denatured. This enzyme-dihydroxyacetone complex has 
recently been described by Venkataraman and Racker.® 

A study of the formation and properties of the transaldolase-dihydroxyacetone 


intermediate has been in progress in our laboratory. We have identified the bound 


group as dihydroxyacetone; when the enzyme complex is treated with borohydride 
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the dihydroxyacetone group is reduced and becomes firmly and irreversibly fixed 
to the enzyme protein. The complex can then be hydrolyzed with acid to yield a 
small molecule containing the bound group. In this way it has been established 
that the dihydroxyacetone group must be linked through the @6-carbon atom. 
Some of the properties of the reduced fragment are described in this report. 

Experimental Procedures.—Materials: Most of the experiments reported were 
carried out with a preparation of transaldolase* which is about 30-60 per cent 
pure, compared with the crystalline preparation.‘ 

p-Erythrose 4-phosphate was kindly provided by Drs. Sprinson and Srinivasan 
of the College of Physicians and Surgeons of Columbia University. Commercial 
dihydroxyacetone was recrystallized from hot ethanol. This was essential to 
remove glyceraldehyde which was present in significant amounts. Other enzymes 
and substrates were as previously reported. 

Methods: Transaldolase was measured spectrophotometrically as described in 
the preceding paper. Other procedures were as previously described. *4 

Results —Formation and stability of the enzyme-dihydroxyacetone complex: The 
conditions for formation and precipitation of the radioactive complex are described 
in the preceding report.4 With the noncrystalline enzyme preparations similar 
conditions were employed, except that hexose phosphate isomerase was present as a 
contaminant and addition of this enzyme was unnecessary. With the less pure 


enzyme preparations the extent of labeling was less than has been observed with the 


crystalline enzyme and with prolonged incubation the amount of complex de- 
creased (Table 1). 


TABLE 1 
CONDITIONS FOR FORMATION OF THE TRANSALDOLASE-DIHYDROXYACETONE COMPLEX 


Time of incubation, minutes Radioactivity, cpm/mg protein 
1,460 
2,500 
1,900 
The incubation mixture (0.075 ml) contained 0.6 mg of 
transaldolase (specific activity = 16.1), 0.1 M triethanol- 
amine buffer, pH 7.4, and 10~* M glucose 6-phosphate-1- 
C' (1 X 106 cpm per wmole). After incubation at 34° for 
the period indicated, 0.15-ml samples were mixed at 0° with 
i ml of 85 per cent saturated ammonium sulfate solution, cen- 
trifuged, the precipitate resuspended in 0.2 ml of 85 per cent 
saturated ammonium sulfate, centrifuged, and the residue 
dissolved in 0.2 ml of triethanolamine buffer. An aliquot 
was plated for counting and another taken for the deter- 
mination of protein 

The enzyme complex is stable to repeated precipitation with ammonium sulfate 
(Table 2). The first precipitate is contaminated with substrate from the incuba- 
tion mixture, but following the second precipitation at 0° there is no further loss in 
activity. With each successive precipitation at 37° about 5-10 per cent of the 
label is lost. At 80° the complex is completely dissociated and the precipitated 
protein shows only traces of radioactivity. 

Characterization of the enzyme-dihydroxyacetone complex: When glucose 6-phos- 
phate-1-C™ is replaced by glucose 6-phosphate-P*, there is little labeling of the 
protein (Table 3). Therefore it is not the intact substrate molecule which is in- 
volved in complex formation. When the labeled enzyme is incubated with a 
suitable acceptor, such as erythrose 4-phosphate or glyceraldehyde, all of the radio- 
activity is removed from the protein (Table 3). 
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TABLE 2 
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STABILITY OF TRANSALDOLASE-DIHYDROXYACETONE COMPLEX 


Precipitation 
First 
Second 
Third 
Fourth 
Fifth (80°) 


Total counts, 


Precipitate dissolved at 


() - 
Specific activity, 
cpm/mg protein 
9,500 
7,400 
7,600 
7,900 
100 


epm 
63,300 
39,700 
38, 900 
36,500 

3,500 


3d 
Total counts, 


cpm 
60, 800 
36, 500 
32, 800 
25,200 

7,700 


Specific activity, 
cpm/mg protein 
9,100 
6, 500 
6,200 
5,500 

300 


Each incubation mixture (0.25 ml) contained 0.01 M triethanolamine buffer, pH 7.4, 0.25 
10-* M glucose 6-phosphate-1-C' (3 xX 106 epm/ymole) and 1.8 mg of transaldolase (specific ac- 
tivity = 16.4). After 3 min at 34° the solutions were precipitated with 10 volumes of 85 per cent 
saturated ammonium sulfate solution, centrifuged, and the precipitate dissolved in 0.2 ml of tri- 
ethanolamine buffer. One solution was kept at 0° for 3 min and the other at 37°. Each was then 
precipitated as before and the process repeated. Aliquots of each solution were taken for deter- 
mination of radioactivity and protein content. The last solutions, following the fourth precipita- 
tion, were kept for 3 min at 80° and then treated with ammonium sulfate. The over-all recovery 
of protein was about 60 per cent. 


TABLE 3 
DISSOCIATION OF THE COMPLEX BY TRANSALDOLASE ACCEPTORS 


Specific activity, 
pmoles C4 or P® per 
mg protein X 10 


0.68 
0.004 
0.0 
0.05 


Second incubation addition Total counts, cpm 
None 3,200 
p-erythrose 4-phosphate 20 
p-glyceraldehyde 0 
Glucose 6-phosphate-P* ers 3 


First incubation addition 


Glucose 6-phosphate-1-C!* 


The first incubation mixtures contained 1.2 mg of transaldolase (specific activity 16.2 units/mg) 
0.01 M triethanolamine buffer, pH 7.6, and 0.11 ywmole of glucose 6-phosphate-1-C'* (1 X 10° epm/pmole) 
or 0.11 yzmole of glucose 6-phosphate-P*? (5.4 X 104 cpm/ymole). After incubation for 3 min at 34° the 


protein was precipitated with 5 ml of 85 per cent saturated ammonium sulfate, centrifuged, and washed 
with 1 ml of 85 per cent saturated ammonium sulfate. The washed precipitate was dissolved in 0.1 ml 
of 0.04 M triethanolamine buffer, pH 7.6. Aliquots were removed for counting and for protein deter- 
mination. The remainder was incubated for 3 min at 34° with no other addition or with 0.12 umole of p- 
erythrose 4-phosphate or 0.38 umole of p-glyceraldehyde. The enzyme was then precipitated as before 
and the precipitate washed and dissolved in 0.1 ml of triethanolamine buffer and counted. 


The product formed from the labeled protein and p-erythrose 4-phosphate was 
identified as sedoheptulose 7-phosphate by co-chromatography with an authentic 
sample (Fig. 1). The autoradiogram obtained on exposure of the paper to x-ray 
film showed a perfect fingerprint reproduction of the spot developed by spraying 
with aniline phthalate reagent.6 The enzyme complex therefore has the properties 
of a transaldolase-dihydroxyacetone complex. 

This was confirmed by identification of dihydroxyacetone itself following de- 
composition of the complex at 80°. The isolated product, co-chromatographed 
with dihydroxyacetone in two different solvents, showed identical spots on auto- 
radiograms and the paper developed with aniline phthalate reagent. One of these 
chromatograms is shown in Figure 2. 

Fixation of the labeled group by reduction with borohydride: While the enzyme- 
dihydroxyacetone complex is relatively stable under ordinary conditions, it would 
not survive hydrolysis of the protein, which is essential to a determination of the 
nature of the linkage. It was found, however, that the labeled group could be 
fixed to the protein by reduction with borohydride, and indeed without changing 
the solubility properties of the enzyme. Reduction was found to be most effective 
at pH 6.0. Following borohydride treatment at this pH, none of the counts were 
removed from the protein by incubation with p-glyceraldehyde. At pH 7.5, re- 
duction was far less effective, and almost three-fourths of the counts remained 


transferable to p-glyceraldehvde. Without borohydride treatment, even at pH 
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Fig. l(a) Fig. 1(b) 


Fig. 1.—(a) Chromatogram (developed with aniline phthalate spray) with authentic sample 
right) and (6) autoradiogram of the product formed from p-erythrose 4-phosphate and labeled 
transaldolase. In this experiment 4.5 mg. of transaldolase (specific activity = 14.5) was incubated 
with 1.3 umoles of glucose 6-phosphate-1-C!4 (3.0 10° cpm per umole) in 0.07 ml of 0.01 M tri- 
ethanolamine buffer, pH 7.6. After 3 min at 34° the reaction mixture was precipitated with 4.0 ml 
of saturated ammonium sulfate solution, centrifuged, and the precipitate dissolved in 0.5 ml of 0.04 
V triethanolamine buffer, pH 7.6. The protein was again precipitated as before and dissolved in 
0.2 ml of 0.04 M triethanolamine buffe rand treated with 0.05 ml of p-erythrose 4-phosphate solu- 
tion containing 0.35 wmole. After 3 min at 34°, 3 umoles of carrier sedoheptulose 7-phosphate was 
added amd the solution deproteinized with 0.02 ml of 100 per cent trichloroacetic acid solution. 
The supernatant solution contained 80 per cent of the counts in the original enzyme complex (1.11 
x 104 epm, total). The trichloroacetic acid solution was thoroughly extracted with ether and the 
phosphate ester precipitated with barium acetate and 4 volumes of ethanol. The precipitate was 
dissolved in 0.5 ml of 0.01 M acetic acid. Barium ion was removed with a slight excess of sodium 
sulfate and the supernatant solution concentrated to a small volume, placed on Whatman No. | pa- 
per, and chromatographed with butanol: pyridine: water (6:4:3). 


-bebs | DHA-D 12-5 ebe 


Fig. 2(a) Fia. 2(b) 


Fig. 2.—(a) Chromatogram developed with aniline phthalate spray and (b) autoradiogram of di- 
hydroxyacetone released by warming the transaldolase complex to 80°. The formation of the la- 
beled enzyme complex was as in Fig. 1, with 4.0 mg of transaldolase (specific activity = 24.6). The 
protein was precipitated twice with ammonium sulfate, dissolved in 0.5 ml of 0.1 N acetic acid to 
maintain an acid pH, and warmed to 80° for 10 min. The solution was cooled and 0.04 ml of 0.1 
VW dihydroxyacetone was added as carrier. The solution was then deproteinized with 2.5 ml 
ethanol and 0.002 ml of mercaptoethanol added to prevent oxidation of dihydroxyacetone. Eth- 
anol was removed by evaporation under a stream of No and the residue dissolved in water containing 
10-3 M mercaptoethanol. The solution was deionized by passage through a 1-ml bed of Amberlite 
MB-3 resin. The effluent was concentrated to a small volume and placed on Whatman No. 1 pa- 
per for ascending chromatography in water-saturated phenol. |The over-all yield of counts from 
the labeled enzyme was 35 per cent. A similar chromatogram was obtained by chromatography in 
SO per cent acetone-water solvent 

In Fig. 2(a) the left-hand spot is a dihydroxyacetone standard. 
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TABLE 4 


{EDUCTION OF THE 'TRANSALDOLASE-DIHYDROXYACETONE COMPLEX WITH BOROHYDRIDE 
Reduced at pH Total counts Fixed counts* Fixed, % 

7.5 3,600 960 

6.5 6,200 200 

6.0 3,300 500 
Control at pl 

6.5 3,200 390 

6.0 5,000 0 


2 
oO, 
2 

oO, 


* Remaining after incubation with p-glyceraldehyde. The enzyme-transaldolase com- 
plex was prepared as in Fig. 1 with 2.7 mg of transaldolase (specific activity 9.7) and 
0.05 umole of glucose 6-phosphate-1-C'4. The labeled enzyme was twice precipitated with 
ammonium sulfate, and finally dissolved in 0.5 ml of phosphate buffer (0.05 M) at the pH 
indicated. Reduction with borohydride was carried out at 0° by the addition of 0.01 ml 
quantities of fresh borohydride solution containing 40 mg of sodium borohydride per ml. 
Ten such additions were made over a period of 30 min; the pH was maintained at the 
initial level by the addition of 0.01-ml portions of 1 N acetie acid. Following the last 
addition of borohydride, the mixture was kept at 0° for 30 min, treated with 4.0 ml of 
saturated ammonium sulfate solution and centrifuged. To test for completeness of reduc- 
tion, the precipitate was dissolved in 0.4 ml of 0.02 M triethanolamine buffer, pH 7.4, and 
treated with 0.005 ml of 1.8 M p-glyceraldehyde. This solution was warmed to 34° for 3 
min and the protein precipitated with 2.5 ml of saturated ammonium sulfate solution. The 
last precipitate was dissolved in 0.2 ml of 0.04 M triethanolamine buffer, pH 7.4, and an 
aliquot counted. 


The control experiments were identical except that borohydride was not added. 
6.0, the enzyme-complex still retained full activity, and the dihydroxyacetone 
group was quantitatively transferred to p-glyceraldehyde, leaving the protein 
completely nonradioactive (Table 4). 

teduction of the enzyme-dihydroxyacetone complex with borohydride permitted 
a determination of the extent of formation of the complex. The loss of enzymatic 
activity corresponds to the degree of blocking of the active site by the reduced 
group. The reduced complex, as has been shown above, is without enzymatic 
activity. Following addition of the dihydroxyacetone group and reduction of the 
complex with borohydride, 48 per cent of the enzyme activity was lost (Table 5), 


TABLE 5 
Loss OF TRANSALDOLASE ACTIVITY FOLLOWING REDUCTION OF THE DIHYDROXYACETONE 
CoMPLEX WITH BOROHYDRIDE 
Complex, units/mg Control, units/mg 


Before reduction 32.0 29.6 


After reduction i. 29.2 
For formation of the enzyme-dihydroxyacetone complex 3.2 mg of transaldolase was 

incubated at 25° with 20 wmoles of fructose 6-phosphate in 1 ml of 0.04 M triethanol- 
amine buffer, pH 7.4. After 15 min the enzyme was precipitated with 5 volumes of 
saturated ammonium sulfate and reduced at pH 6.0 with borohydride as in Table 4. 
The enzyme was removed by precipitation with ammonium sulfate, dissolved in 0.04 J 
triethanolamine buffer and assayed. The over-all recovery of protein was 50 per cent 
The control was treated in identical fashion except that fructose 6-phosphate was 
omitted. 

which corresponds almost exactly to the per cent of enzyme protein labeled in a 

similar experiment with fructose 6-phosphate 1-C!*4 

Stability to dialysis: The C'*-labeled transaldolase-dihydroxyacetone complex 
was slowly dissociated during dialysis against distilled water; in 16 hr approximately 
one-half of the radioactivity of the C!-labeled complex was lost. Under the same 
conditions of dialysis the reduced complex lost no radioactivity. 

Hydrolysis and periodate oxidation: Some preliminary experiments have been 
carried out to determine which carbon atom of dihydroxyacetone is involved in 
complex formation. For this purpose we have used the borohydride-reduced 
complex, in which the three-carbon group is fixed by a stable covalent linkage. 
Two possibilities must be considered. The complex may be either a derivative 





1954 BIOCHEMISTRY: HORECKER ET AL. Proc. N. A. 8. 


involving the carbonyl group at position 2 of the original fructose 6-phosphate 
molecule or a derivative formed through carbon atom 3. Following reduction 
with borohydride the former would yield a 6-glycerol derivative, while the latter 
would be converted to an a-glycerol derivative. These can be distinguished by 
their susceptibility to oxidation. with periodate since the a-glycerol derivative 
would yield formaldehyde derived from the C-1 of fructose 6-phosphate, while the 
6-glycerol derivative would not be attacked. For this purpose, the borohydride 
reduced complex, derived from glucose 6-phosphate 1-C'*, was dialyzed overnight 
against water and hydrolyzed in a sealed tube with 6 N HCl at 110° for 22 hr. 
HCl was removed by repeated evaporation 7n vacuo over KOH and CaCl: and an 
aliquot of the hydrolysate, containing 1,500 cpm, was treated with excess periodate 
at pH 4.5. After 1 hr at room temperature glycerol was added to remove excess 
periodate and the formaldehyde formed collected as the dimedon derivative. This 
was found to be completely nonradioactive and all the counts were recovered in the 


supernatant solution. A similar experiment was carried out with the reduced 


enzyme complex, without acid hydrolysis, and again no activity was obtained in the 
dimedon derivative. These results suggest that dihydroxyacetone is linked to 
the enzyme through carbon atom 2, rather than through the hydroxymethylene 
group at carbon 3. 

Properties of the active site: With respect to the possible nature of the amino acid 
involved in formation of the complex some information is available. Following 
hydrolysis in 6 N HCl all of the radioactivity is absorbed by Dowex 50-H* resin, 
but not by Dowex 1-formate or Dowex 1-OH~. The reduced complex is therefore 
not a strong anionic compound. On the other hand, following exposure to nitrous 
acid all of the counts passed through a Dowex 50-H*+ column, which indicates that 
the reduced complex possesses a free amino group. 

Treatment with HBr or HI failed to yield glycerol, suggesting that the reduced 
3-carbon residue is not attached by an 0-ether linkage to serine or threonine. It is 
pertinent to note that transaldolase is not inhibited by diisopropylfluorophosphate 
(DFP). 

The possibility remains that. dihydroxyacetone is attached to a protein SH-group 
as a thioacetal derivative. However, transaldolase is not significantly inhibited 
by iodoacetic acid nor by incubation with oxidized glutathione. 

In two-dimensional paper chromatography, with methanol, pyridine, water 
(60:20:20) as the first solvent and ¢-butanol, water, diethylamine (85:15:4) as 
the second solvent, the radioactive fragment formed after borohydride reduction 
and acid hydrolysis is found to be located between aspartic acid and serine. It 
has thus been converted to a molecule of low molecular weight, not identical with 
glycerol. 

Discussion.—We have described a stable C'*-labeled transaldolase complex formed 
when the enzyme is incubated with fructose 6-phosphate-1-C'4. The labeled 
group can be transferred to erythrose 4-phosphate to form sedoheptulose 7-phos- 
phate, or liberated as free dihydroxyacetone when the enzyme is warmed to 80°. 
This confirms the work of Venekataraman and Racker® and proves that the inter- 
mediate formed in the enzymic action of transaldolase is, as originally postulated,’ 
an enzyme-dihydroxyacetone complex. 

Some of the properties of this complex have been determined. It can be re- 
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duced with sodium borohydride to form a stable derivative, presumably a glycerol 
derivative. This derivative does not yield labeled formaldehyde when treated 
with periodate, and we have therefore concluded that the dihydroxyacetone group 
is attached through the 2-position, possibly as a ketal derivative, rather than 
through the terminal hydroxymethylene group. 

The borohydride reduced protein complex has been hydrolyzed with 6N HCl 
at 110°. This procedure yields a small molecule which is strongly adsorbed by 
cationic but not by anionic resins. The cationic group is probably a free amino 
group, since the molecule is no longer adsorbed following treatment with nitrous 
acid. 

It is unlikely that either serine or threonine is involved in formation of the com- 
plex since the reduced product is not susceptible to cleavage by hydrobromic or 
hydroiodic acids, as would be expected for an 0-ether linkage. 

Swenson and Boyer? have obtained evidence which indicates that the active 
group in aldolase may be a sulfhydryl group. This does not appear to be the case 
for transaldolase. However, in view of the similarity in the action of this enzyme 
and transaldolase it is reasonable to expect that they will possess similar groups at 
the active site. In the case of transaldolase a definitive answer to this question 
may now be possible since we can obtain the active group firmly linked as a C'*- 
labeled derivative, presumably a derivative of glycerol. The availability of large 
quantities of crystalline enzyme‘ should facilitate an approach te this problem. 
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Transduction of the lac*+ character to lac~ strains of the Escherichia coli—Shigella 
dysenteriae group of organisms can be performed by lysates of phage P1 released by 
lact+ bacterial donors.!: 2 The production ot high-frequency transducing (HIT) ly- 
sates has been reported.* 4 The transducing activity in these lysates is embodied 
in defective phage particles Pldl, which carry the entire lac genetic region of the 
donor bacterium. The relations between Pl and Pld/ and between these phages 
and the host bacteria resemble in many (although not in all) respects the relations 
between phage A, its gal transducing derivatives Adg, and their bacterial hosts.®: ® 

The well-known properties of the cellular components—s-D-galactosidase ,’ 
galactoside-permease,* and acetylase*’—controlled by the lac genes, and the remark- 
able body of information available concerning the structure, organization, and fune- 
tional regulation of these genes,’ make it desirable to study the function of these 
genes when they are part of phage-related elements, which can assume various types 
of relation to their bacterial host, and to compare it to the function of the same genes 
in chromosomal structures, that can be transferred by mating.'! The present 


paper describes the initiation of function of a phage-associated z+ gene—the genetic 
determinant of galactosidase—upon entering a bacterial cell. The following 
papers!®: 4‘ report some interactions between phage associated genes, their chromo- 
somal counterparts, and the phage-immunity control system. 

Vaterials and Methods.—Many of the strains, media, and procedures have been described 
previously.’ Table 1 summarizes the relevant properties of the bacterial strains used. The 


properties of the lac genes are classified as states of the four genes: 7 (repressor), 0 (operator), 


TABLE 1 
PROPERTIES OF BACTERIAL STRAINS 
Properties* 
E. coli K-12 3.000 
: 3.300 
3.320 
2.000 0 
2.080, 3.080, 3.000 2 
2.08S0R ttotzty* (revertant from 2.080 
W 40382(\ lact! 
W4032 = W4032) From W4032(\); A-cured by UV 
W 4032 lac Stable /ac* transductant from W4032 
W4032-W-1, 2.0S0-W-1 Strains carrying prophage Pld/ i*+o*tz*y* 
W 4032-W-5 Strain earrving prophages P1 and Pldlwi*o* 
W 4032-13-4, 2.0S0-13-4, 3.0S0- 
13-4-1, 3.0S80-13-4-2 Strains carrying prophage Pldl i~o*z*y* 
Sh itotz-yte! 
Sh 1-4 Sh carrying prophage Pld/ ito*zty* 
Sh 31-20 Sh carrying Pldlw ito*z*y 
Sh 125-13-4 Sh carrving Pld/ 7~otz*y* 
* More complete information on the properties and sources of these strains is given elsewhere.* 4 P1-lysogenic 
derivatives were prepared as needed. 


1956 
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z (galactosidase), and y (permease-acetylase) according to the scheme of Jacob and Monod.” 
The i~ strains are normal constitutives; o° strains are constitutive dominants; o° strains are 
operator negative. 

The lac* HFT lysates were all derived from strain Pike of phage! (here called P1 for brevity’s 
sake) and contained mixtures of normal P1 and of transducing Pld! particles; the transducing 
particles are classified as Pldl itz*, Pldl i~z*, ete., according to the properties of the lac genes 
they carry; these correspond to the properties of the Jac * donor from which the transducing phage 
were derived. Pldlwi+z* isa variety of Pldl phage used in many experiments.’ Low-frequency- 
transducing (LFT) lysates were lysates of phage P1 grown on normal lac* bacteria.® 

The HFT lysates were produced by collecting bacteria from a growing culture, treating them 
with ultraviolet (UV) light (40 sec at 50 em from a GE ‘germicidal’ bulb), superinfecting with 
active P1 at a multiplicity of infection (m.o.i.) of about 2, and incubating 2.5 hr in LB broth at 37° 
before centrifuging and filtering through Millipore membranes. The phage was concentrated and 
freed of any galactosidase by centrifuging twice at 16,000 x g for lL hr. The phage pellet was re- 
suspended in TGA medium minus glycerol, supplemented with 0.1 per cent gelatin. 

TGA medium (NaCl, 0.08 M; KCl, 0.02 M; NH,Cl, 0.02 MW; MgCh, 10-3 M; CaCh, 2 x 
10-4 M; FeCl;, 2 Kk 10°* M; NaeSO,y, 2.5 * 1073 M; Tris (hydroxymethyl) aminomethane, 
0.12 M; KsHPO,, 2 x 10-4 M; pH 7.5, supplemented with 0.2 per cent glycerol, 0.5 ug/ml 
thiamine, and 0.1 per cent tryptone or 0.1 per cent casein hydrolysate) was the growth medium. 
The doubling time for EZ. coli strains in this medium is 56 to 60 min at 37°C. CaCl: was added at a 
concentration of 2.56 * 107% M for adsorption of phage. 

{educing buffer for galactosidase assay: sodium phosphate, 107! .W; MgS0O,, 10-?.M; MnS0O,, 
2 x 10-4 M; mercaptoethanol, 107! M; pH 7.0. 

Optical density (O.D.) of experimental cultures was read at 500 my in a Zeiss spectrophotom- 
eter. For £. coli bacteria in TGA medium, an O.D. of 0.18 corresponds to 1 X 108 cells/ml. 

Transductions were assayed by plating suitable dilutions of phage-bacterial mixtures on EMB 
lactose agar plates. An excess of lac~ bacteria was added to provide a uniform background. 

For galactosidase assay, the o-nitrophenyl-6-D-galactoside (ONPG) method!! % '6 was used. 
One-ml aliquots of a growing culture (<4 X 108 bacteria/ml) were added to 1-ml samples of reduc- 
ing buffer containing 0.01 per cent sodium desoxycholate and 0.02 ml toluene. The tubes were 
stoppered, shaken vigorously, and incubated with shaking at 37° for 30 min. After equilibration 
at 28°C, 0.6 ml of M/75 ONPG in M/4 phosphate buffer (pH 7.0) was added and the tubes were 
incubated until a visible yellow color had developed. The reaction was stopped by addition of 
1.3 ml 1 M sodium carbonate and the optical density was measured at 420 my in a Zeiss spectro- 
photometer. A correction for turbidity at 550 my was made.'! One unit of enzyme is defined as 
the amount of enzyme that releases 1 mumole of o-nitrophenol (= ONP) per minute at 28°, pH 
7.0; a solution of 1 mumole of ONP per ml has an optical density of 0.005 under the above condi- 
tions (final pH = 10.2; 10 mm light path). 

The inducers for galactosidase were methyl-thio-8-D-galactoside (TMG) or isopropyl-thio-8-D- 
galactoside (IPTG). ONPG, TMG, and IPTG were products of Mann Biochemical Co. (The 
initial sample of IPTG was kindly provided by Dr. J. Monod.) 

The studies with the fluorogenic substrate 6-hydroxyfluoran-6-D-galactoside (6HFG) were 
done by the method of Rotman." 

Results.—Production of 8-galactosidase after introduction of Pidl z* into z~ bac- 
teria in the presence of inducer: A typical experiment consists of mixing a trans- 
ducing phage preparation with log-phase z~ bacteria at about 2 X 10° per ml in TGA 
medium plus CaCl: at 37°C, allowing 2 to 15 min for phage adsorption, and diluting 
1:10 in prewarmed medium (without added CaCl.) containing 10-* M TMG or 
2 >< 10-4 M IPTG as inducers. Incubation is continued in a shaker bath at 37°C 
using shallow layers of culture in Erlenmeyer flasks. Samples for assays of total 
bacteria, of lJac+ transductants, and of galactosidase are taken at intervals. Free 


phage was also measured in some experiments. The results of an experiment of this 
kind, in which the recipient bacteria were E. coli i+z~, are shown in Figure 1. In 
this experiment, the ratio of P1-plaque formers to bacteria was 0.2. It is seen that 
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Fic. 1.—Bacterial growth, lac* transductions, and galactosidase synthesis after 
infection of E. coli 2.080 it+z~ bacteria with an HFT lysate containing Pldlw i*z* 
lhe cell-phage mixture, after incubation in TGA medium + CaCl, for 15 min., was 
diluted at time 0 in TGA medium with 1073 M TMG. 
the bacterial population as a whole grew exponentially, while the transductions, 
scored as lac* colonies, remained more or less constant for at least 3 hr. Galactos 
idase was present from the time of the earliest measurement (20 min) and increased 
at first at an accelerated rate, then linearly for about 3 hr. 
Essentially similar results were obtained in experiments of this type (in the pres- 
ence of an inducer) whether the inducer was added at dilution time, as in Figure 1, 


or at infection time; whether the adsorption period was 2 or 15 min; whether the 
transduced genes were i~z+, i+z+, or i+o°z+; and whether the recipient lac~ bac- 
4!) or i-o’. Quantitative differences in 
the rate of enzyme production reflect differences in phage-adsorption rate among 


teria were E. colt i+z~-, i-z-, 1-z-y~ (=lac 


different bacterial strains (Fig. 2). 
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Fig. 2.—Production of galactosidase after infection of different lac~ recipient strains with a 
lysate of Pldlw i*z* in the presence of 10-*.M TMG. The adsorption of phage P1, measured for 
each strain under the conditions of this experiment, was as follows: strains 2.080, 2.340, and 3.320: 
50-60%; strain W4032; 20-30%; strain Sh: 75-85°%. 

When the recipient is S. dysenteriae Sh there is usually a faster rate of enzyme 
production in the linear phase, due to better phage adsorption, and a drop in enzyme 
production rate at about the time of lysis (see Fig. 2), probably correlated with 
death of some of the bacteria. 

The results of this experiment are the same if the adsorption mixture, instead of 
being diluted to stop phage adsorption, is centrifuged at room temperature and the 
bacteria are resuspended in calcium-free medium with inducer. With all recipients, 


only a very small fraction, from 1 to 7 per cent, of the galactosidase formed after 


infection is released into the medium; this release is fully accounted for by the 
minority of bacteria that are lysed due to infection with active phage P1. 

Two aspects of enzyme production require explanation: the initial phase of ac- 
celeration and the later prolonged phase of linear synthesis. 

Phase of accelerated synthesis: Except for minor differences, this phase is present 
in all combinations of phage and recipient types. It is not due to a delayed effect 
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Fig. 3.—Dissociation of inducer function from the acceleration phase of enzyme synthesis. 
Phage Pldlw i*z* on E. coli 2.080 i*+z~ recipient. A, TMG added at time 0, as in Figure 1. 
B, TMG added at 62 min. 


of inducer, because if the inducer is added at 60 or 90 min after infection the linear 
phase begins almost immediately, as shown in Figure 3. The 3- to 5-min delay 
corresponds to the delay observed® for initiation of response to inducer. The 
steps needed to attain the final linear rate of enzyme production do not require 
protein synthesis: if infection is done in the presence of 5-methyltryptophan, which 
stops protein synthesis completely, a later addition of tryptophan causes an almost 
immediate start of linear enzyme production (Fig. 4). Similar experiments with 
chloramphenicol instead of 5-methyltryptophan gave ambiguous results, probably 
because of slow recovery of protein synthesis after removal of the drug by washing. 
Mitomycin treatment gave rapid loss of enzyme-synthesizing capacity; other in- 
hibitors of DNA or RNA synthesis have not been tested. 
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Fic. 4.—The effect of 5-methyltryptophan on the early enzyme synthesis. Lysate Pldlw i*z* 
on E. coli 2.340 i~z~ recipient. At the time of mixing bacteria with phage, culture A received 100 
ug/ml DL-5-methyltryptophan. L-tryptophan, 100 ug/ml, was added to both cultures A and B 
(control) at 92 min. TMG was present from time 0 in both cultures. The number of stable 
lac* transductions was the same in both cultures. 


The accelerated phase reflects either a delay or a heterogeneity in the accomplish- 
ment of some early reactions; these may be some of the early steps in phage-cell 
interaction. The latent period for growth of phage P1 at 37°C in TGA medium is 
about 60 min; but no information is available as to the early synthesis of P1-phage 
materials. An attempt to suppress enzyme production by treatment in a Lourdes 
homogenizer (blendor technique) at 5 min after infection gave negative results, 
which, therefore, neither support nor exclude the possibility of delayed injection 
of genetic material by phage particles. The hypothesis of a multiplication of the 
transduced genetic elements will be discussed later. 

Phase of linear synthesis: The most immediate question concerns the relation 
of linear galactosidase synthesis to the cells that give rise to lac+ transductant colo- 
nies. On the one hand, linear synthesis suggests either a constant rate of function 
of nonmultiplying genetic elements (abortive transduction!’ ®°), or some other 
limitations in the amount of enzyme that can be made per unit time. On the other 
hand, the roughly constant number of lac* colonies in platings done over a period of 
several hours (see Fig. 1) indicates either a nonmultiplying group of cells or the 
segregation of lac~ cells from a steady number of lac+ bacteria.2! Segregation with 
occasional late integration is suggested by the finding that, when few infected bac- 
teria are plated on EMB lactose agar so that isolated colonies can be observed, most 


of the lac+ transductants appear late, as small papillae within well developed 


lac~ colonies. 

A quantitative relation between number of transductions and amount of enzyme 
can be obtained from experiments such as that of Figure 1. In that experiment, 
for example, the amount of enzyme synthesized in 60 min (corresponding to one 
doubling time) during the linear phase is about 15 units, corresponding to the pro- 
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duction of 6 & 10° fully induced lac* cells. This is twenty times higher than the 
number of /act+ transductants measured at 0 time. A series of results, with dif- 
ferent combinations of lysates and recipient strains and with different ratios of lysate 
to cells, is given in Table 2. The excess of enzyme over transductions is present 
in all cases. Inspection of Table 2 reveals that there is no correlation between 


TABLE 2 
{ATES OF LINEAR SYNTHESIS OF GALACTOSIDASE AND NUMBERS OF STABLE TRANSDUCTIONS FOR 
Various DoNnoR-ReEcIPIENT COMBINATIONS* 
HFT Normal 
Expt. lysate Recipient P1 helper M.0o.i. Transductions Enzyme Excess 
no. type strain added Pl per ml units/ml/hcour enzymet 
29 W-5: E. coli itz O05 8.3 xX 104 2.6 
ey Pidlwi*z* “ : 5 ho < 164 ie 
lac4! 05 x 103 0 
aS 0 8 x 10* 0 
Shigella 1 “2 5 4 104 ‘ 
rf PP ‘ 3 105 
E. coli i-z <x 104 
Shigella i*z _ ‘ y x 10! 
E. coli 2 2 > ¢ - 105 
; oe - 3 xX 16 
Shigellai*z ce x 104 
E. coli i*z ; <x 16° 
7 12 j x 10' 


‘ its : l 105 
Shigellai*z Ze x 10" 5.5 
E.coli i*z - ‘ ) <x 104 6 

- lac” - 8 x 103 6 1S 
Shigella i*z — wk 9 xX 10! 3 28 


* Lac* transductions were measured between 0 and 30 min after the end of phage adsorption. The amounts 
of enzyme are those formed in | hr during the linear phase of synthesis (see Fig. 1). Both values are normalized 
to 1 ml of infected cell suspension. 

t The “excess enzyme” values are the ratios of the amounts of enzyme produced per hour (normalized to the 
amount of enzyme contained in one fully induced z* cell = 2.5 X 10 units) to the number of lac * transductions. 
Note the large excess values in transductions to recipients like Shigella or E. coli lac¢', which require helper 
phage to give stable transductions. 


numbers of /act+ transductants and amounts of enzyme. This is particularly evi- 
dent when one compares E. coli z~ recipients, in which transduction is frequent and 
occurs by integration of the transduced genes into the recipient chromosome, with 
recipients such as S. dysenteriae or E. coli lac’, in which transduction is rare and 
occurs by lysogenization, with a requirement for active phage P1 as helper.* The 
enzyme levels are roughly similar with all recipients, as though similar numbers of 
cells received the lac+ genes and made enzyme, but different proportions of them 
gave lac+ transductant colonies. 

The hypothesis that the excess of enzyme over transduction is due to abortive 
transductions, that is, to the presence of bacteria that have received Pldl phage 
particles whose genes can function but do not become established, appears to ac- 
count for all the above findings. An alternative explanation would be that only 
those bacterial cells that will give complete transductants are making enzyme, and 
that the enzyme levels are exceptionally high because the incoming lac* element, 
being partly phage, multiplies vegetatively producing many copies of the lac* 
genes per cell. This explanation is hard to entertain, because if the amounts of 
galactosidase observed in the experiments of Table 2 were made in the relatively 
few lac* transductant cells this would require an enormous increase in cellular 
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protein; the galactosidase in fully induced normal £. coli cells already represents 
over 5 per cent of the total protein.’ 

Yet, the hypothesis that multiplication of the lac+ genes is responsible for the en- 
zyme excess must be entertained seriously because of another set of observations, 
illustrated in Figure 5. This refers to transduction of P1-lysogenic recipients and 
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Fic. 5.—Synthesis of galactosidase in Pl-sensitive and Pl-lysogenic recipients. The donor 
phages were Pldlw and Pldl, both i+z*. The recipient bacteria were E. coli 2.080 and 
2.080(P1), both i*z~. The rates of adsorption of P1 to these two strains are identical. 


will be discussed more fully in the following paper. The rate of enzyme production 
with lysogenic recipients is lower than with P1-sensitive ones, the ratio varying with 
the type of phage lysate and the nature of the recipient strain from 1:2.3 to 1:67 
(see ref. 13, Table 3). It is known” that, at least with some of the temperate 
phages, a phage that superinfects a bacterium already lysogenic for a related co- 


immune prophage fails to multiply vegetatively. Thus, the lower enzyme levels 
observed with lysogenic recipients might reflect repressed multiplication of the 


transducing phage elements. 
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The number of bacteria with galactosidase after transduction: To settle this ques- 
tion, enzyme studies on individual cells were done using a modification of a recently 
devised fluorogenic assay. This consists in observing microscopically the fluores- 
cence of 6-hydroxy-fluoran (6HIF) released by the action of galactosidase on the 
nonfluorescent substrate 6HFG. A mixture of bacteria and substrate in a suitable 
buffer is prepared and dispersed in microdrops under silicone oil by spraying a fine 
mist of suspension. Alternatively, bacteria are distributed into microdrops by 
means of a micromanipulator. The fluorescence developed upon incubation in 
single drops of appropriate size is observed microscopically with appropriate light 
filters or can be measured with a photomultiplier attachment. The number of 
bacteria present in a microdrop can be counted with dark field illumination. 

Control experiments showed that when intact, fully induced lac* cells are used, 
only about 10 per cent of them give a positive reaction; but a brief treatment with 
toluene (5 min at room temperature) increases the proportion of positive reactions 
to between 50 and 100 per cent, without releasing enough free enzyme to give any 
diffuse background fluorescence. 

Accordingly, a series of experiments similar to that shown in Figure 1 were done, 
in which, in addition to the other measurements, a sample was taken near the 100th 
minute after infection and used for a count of the number of cells with enzyme. 
The 100-min time was chosen because by then the linear rate of synthesis is estab- 
lished, a substantial amount of enzyme has been synthesized, and yet the recipient 
cells have multiplied at most by a factor 3.2 (1.7 generations). The results are 
shown in Table 3. It is clear that in every experiment there was a substantial 


TABLE 3 

THe NUMBERS OF CELLS WITH GALACTOSIDASE AT 100 MINUTES AFTER INFECTION 
Recipient Transductiong . Cells with enzyme ss 

Experiment strain Total cells Total cells b:a 

6-27-2 E. coli i* 10-4 2 10 

3 10-3 F 10 


0 
10 
7-10 
16 
13 
8-11 
(50) 
5-10 


6-27-3 2 

6-28-5 l 10-3 2-: 10 
6-29-6 e"s 10 10 
6-29-6 - ? ) 10 ; 10 
6-30-7 a 5* < 10-8 3 10 
6-30-7 l 
7-1-9 1 


we eNewSeNH NN 


t 
ro? (8 10 
2 10 


2 10"? 


HFT lysates containing Pldl i*z* were used in all experiments. The values in parentheses are based 
on a poor count and may be too hig! 


excess, from 5- to 16-fold, of cells with enzyme over lac* transductants. Even if 
each of the potential transductants had given rise on the average to three cells with 
enzyme (of which only one would ultimately give a lac* clone since the number of 
lact+ colonies does not increase for 4 hr or longer) this could not account for the 
number of cells with enzyme found at 100 min. In fact, since the scoring is less 
than 100 per cent effective, the excess of positive cells over a complete transduc- 
tions is probably even greater. 

We conclude that most of the enzyme produced during the phase of linear syn- 
thesis is made in cells that do not register as lact+ transductants in platings because 
they do not give rise to clones of lact cells, at least under the conditions of our ex- 
periments. These are the equivalent of abortive transductants. 

Ultraviolet irradiation of HFT transducing lysates: Small doses of UV irradiation 
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increase the number of complete transductants for the Jac+ marker* as well as for 
other genetic markers,?*» *4 while reducing the number of abortive transductions. 
Several experiments with UV-treated lysates were done in an attempt to study the 
inactivation of the genetic element responsible for galactosidase production in 
newly infected z~ bacteria. These experiments did not fulfill the expected goal. 
It was found that the apparent rate of inactivation of phage P1, measured by pre- 
adsorption and plating on sensitive bacteria, varied greatly with the bacterial host 
strain. For a given strain, the plaque-forming ability of phage P1 and the galac- 
tosidase-forming capacity of the infected cells (measured from the rate of enzyme 
production in the linear phase) were closely parallel. This result suggests that some 
UV-sensitive, host-specifie key function of the phage is needed to initiate both in- 
fection by active Pl and galactosidase production by Pldl. The previously re- 
ported results* on the effect of UV on the frequency of transduction by Pldl on 
various hosts lose much of their potential significance since they reflect mainly the 
UV-sensitivity of the host-specific phage functions. 

Transduction by LFT lysates: The study of galactosidase production after in- 
fection with LFT lysates is hampered by their low transducing activity, because 
measurable enzyme levels are obtained only with concentrations of lysate that give 
high multiple P1 infection. This in turn depresses enzyme synthesis, probably 
through damage to cells and early lysis. Using an LFT lysate with an unusually 
high transducing titer (3.8 X 10° lac+ colonies for 2.2 * 10° active P1 per ml), 
it was found that the amount of galactosidase produced was again four-fold in 
excess over that corresponding to the lac* transductants. Hence, with LFT as 
well as with HFT lysates, there appears to be extensive abortive transduction. 

Discussion.—Abortive transduction was recognized originally with genes con- 
trolling bacterial flagellation, by the occurrence of motile cells that gave rise to 
clones consisting of nonmotile descendants plus one line of motile cells (unilinear 
transmission of the motility trait).!° Later, abortive transduction was invoked in 
transduction of nutritional markers to explain the appearance of unsupplemented 
media of small colonies containing large numbers of genetically auxotrophic bac- 
teria plus one genetically autotrophic cell.2° The enzyme produced by a single 


autotrophic cell in each generation appeared to be sufficient, when distributed 
among the descendant cells, to supply the synthetic requirements for several 
generations of growth. The lac case resembles the nutritional mutant situation in 


that the gene studied controls a well-defined enzymatic reaction, and the motility 
situation in that the function of the transduced gene can be recognized directly 
on individual cells. 

The linear rate of production of galactosidase can be explained by the scheme 
of Figure 6, in which it is assumed that enzyme is produced, at a constant rate per 
unit time, only in those cells that have the (nonmultiplying) z+ gene. Since galac- 
tosidase is very stable under the conditions of these experiments, measurements of 
the actual amounts of enzyme in individual cells at various times after transdue- 
tion, using the fluorogenic method,” should make it possible to check both the 
distribution function of enzyme at cellular division and the actual rates of en- 
zyme synthesis per cell early after transduction. These in turn may reveal whether 
any multiplication of the incoming genes occurs during the early phase of acceler- 


* 


ated enzyme synthesis. 
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The occurrence of abortive transduction shows that enzyme production after 
transduction is not correlated with integration of the newly entered genes into the 
recipient chromosome. This situation differs from the transfer of the mal* genes 
as free DNA in transformation of pneumococci,”> where the early rate of enzyme 
synthesis corresponds closely to the number of bacteria in which integration occurs 
and which yield stably-transformed clones. This finding may reflect the remark- 
able speed of integration of genes transferred as free DNA* rather than an inability 
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Fic. 6.—Linear inheritance of nonmultiplying z* gene. 


of such genes to function from a nonchromosomal location. It is not excluded, 
however, that the presence in transducing particles of some phage genes is required 
for the autonomous function of the transduced genes. The early accelerated phase 
of enzyme production after transduction may reflect the need for a sequential 
initiation of the function of such phage genes. The biosynthesis of enzymes con- 
trolled by transduced genes may resemble in this respect the biosynthesis of en- 
zymes and other proteins controlled by phage genes, which also exhibits a character- 
istic sequential progression.” 

It is interesting to compare the course of galactosidase production after transduc- 
tion with that after mating lac+ male bacteria with lac~ females.!): }* In mating, 
the z* gene from the donor appears to function immediately at maximum rate after 
entering the recipient cell, without an early acceleration phase. This again suggests 
that the phase of acceleration observed early after transduction reflects some specific 
requirements of genes entering a part of a phage. 

The only other system of high-frequency transduction available, the d-Adg 
system, provides an opportunity to study the synthesis of the galactose-utilizing 
enzymes after introduction of thé corresponding genes by phage into gal~ recipient 
cells. Prebiminary reports indicate that the course of synthesis resembles that 
of galactosidase described here; but the shortcomings of assay methods for these 
enzymes, more cumbersome and less sensitive than those for galactosidase, have 
apparently hampered progress of this work. Actually, the Pldl transduction sys- 
tem, because of a felicitous combination of circumstances, may offer a unique ma- 
terial for a variety of studies on enzyme biosynthesis. For example, P*-labeled 
phage Pldl can be used to study the effects of damage in the DNA of a gene at 
various stages of its functional career. Also, Pldl phage provides a source of a 
DNA specialized in the control of an easily measurable enzyme for use in study of 
enzyme synthesis in cell-free preparations. Experiments along these lines are 
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in progress. The following papers!*: '* report studies on the role of repression in 
the function of lac genes in phage P Id. 

Summary.—Upon introduction of the lact+ genetic determinants of E. colt into 
lac~ bacterial cells by transducing particles derived from phage P1, synthesis of 
8-D-galactosidase occurs, first at an accelerated rate, then at a linear rate for a 


period of several hours. The phase of accelerated synthesis is attributed to the 


initiation of function of phage genes in the transducing particles; the phase of 
linear synthesis, to the production of enzyme under control of nonmultiplying 
lact+ genes. Enzyme is produced by many cells which, although they have received 
a functional transducing particle, fail to give rise to permanently transduced 
cell lines (abortive transduction). The counting of individual bacterial cells econ- 
taining 6-D-galactosidase in a mixed population is described. 


* Aided by grants from the National Science Foundation, G-8808, and the National Institute 
of Allergy and Infectious Diseases, National Institutes of Health, E-3038 (C-1). Work on this 
problem was initiated by one of us (S.E.L.) in collaboration with J. Monod and F. Jacob during a 
brief stay at the Pasteur Institute, Paris, in 1959. Throughout this work, we have enjoyed and 
benefited from communications and exchanges of materials with Drs. Monod and Jacob. Their 
professional cooperation and personal friendship have made this undertaking a most pleasant 
experience. 

+ Present address: Syntex Institute for Molecular Biology, Stanford, California. 
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BIOSYNTHESIS OF 8-D-GALACTOSIDASE CONTROILED BY 
PHAGE-CARRIED GENES. II. THE BEHAVIOR OF PHAGE- 
TRANSDUCED z+ GENES TOWARD REGULATORY MECHANISMS* 


By H. R. REvEt ANp 8. E. Luria 
MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
Communicated October 23, 1961 


The preceding paper! described the kinetics of induced 8-D-galactosidase produc- 
tion in z~ bacteria following transduction of the z+ gene by the defective phage 
Pidl. It was coneluded that, in the presence of an inducer, the newly entered 

* genes begin to function shortly after having gained access to the recipient cells 
and continue to function at a constant rate, even though they do not multiply and 
are not integrated into the recipient cell chromosome. The present paper is con- 
cerned with the function of the ¢ locus and with the functional interplay between 
the specific repressors for galactosidase and for phage P1 on the expression of newly 
entered z+ genes. The results reveal some novel features of the control of gene 
function in bacterial cells. 

Materials and methods were the same as in the preceding paper. ! 

Results. Synthesis of galactosidase after transduction in the absence of inducer: 
Figures 1 and 2 show the results of infection of 2. coli i-z~ or i+z~ with high fre- 
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Figs. 1 and 2.—Formation of galactosidase following transduction in the presence or absence of 
an inducer. Bacteria, infected in TGA medium for 15 min, were diluted at time 0 in medium with 
or without 10-3 M TMG. Pldlw i*z* and Pidl i~z* were used as donor lysates. 
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quency transducing ( = HFT) lysates containing Pldl particles that carry either 
i-z+ or i+z* genes in the absence of an external inducer; results obtained in the 
presence of inducer! are included for purposes of comparison. The results can be 
summarized as follows: 

1. When no 7* gene is present, galactosidase synthesis proceeds as it would in 
the presence of an inducer. 

2. When the z+ gene is present in the phage only, synthesis of the enzyme begins 
as usual, then slows down and ceases at about 60 min. This finding is similar to 
that obtained in mating experiments? and, as in the case of mating, can be ascribed 
to a delayed expression of the 7+ gene in producing the specific repressor for the 
lac genes. 

3. When the recipient is 7+z~ and the transducing phage carries 7~z+, there is a 
constitutive synthesis of galactosidase at about 20 per cent the rate observed in the 
presence of inducer. This synthesis continues at a linear rate for at least 3 hours. 

4. When both the recipient bacterium and the transducing phage carry the 
2+ gene, there is an early constitutive enzyme production ceasing at about 60 min. 
If the amounts of enzyme produced in cases 2 and 4 are notrmalized to the corre- 
sponding rates of synthesis by these two systems in the presence of inducer, the value 
for case 4 is 20 to 25 per cent that for case 2. 

The results of cases 3 and 4 are unexpected. According to current views, based 
mainly on the study of heterogenotes, in which the exogenote is part of a male chro- 


+ 


mosome or of a fertility factor,’ one copy of the 7+ gene should be enough to saturate 
with repressor all the lac operons present in a cell. Instead, we observe that a 
z+ gene in the phage is only incompletely repressed after entering an 7+ recipient, 
although it soon becomes completely repressed by the activity of an 7+ gene carried 
in the phage itself. 

Similar results were obtained with other 7+ bacterial recipients, such as S. dys- 
enteriae strain Sh, and with another type of HIT lysate containing a Pldl t~2* 
phage of different origin and with different properties. 

Before proceeding to further analysis of these results, we should point out that 
the experiment analogous to case 3, namely, the introduction of an 7~z+* set of 
genes into an 7+z~ recipient, could not have been done in mating experiments,’ 
because the enzyme in the donor cells would preclude detection of enzyme made by 
the zygotes (barring studies with labeled protein). Likewise, in a mating analogous 
to case 4, that is, the introduction of an 7+z+ gene into an 7+z~ recipient, it would be 
difficult to detect the small amounts of enzyme made by the zygotes over the back- 
ground level of enzyme in the uninduced 7+z* parent cells. In phage transduction, 
of course, there are no limitations of the sort. 

The mechanism of constitutive galactosidase synthesis after transduction: Several 
trivial explanations of the constitutive synthesis observed in case 3 were tested 


and excluded by simple experiments. Thus, heterogeneity in the recipient 2 


populations with respect to 7+ — 7~ mutation was excluded by using as recipients 
several single colony isolates from an 7+z~ strain; all gave results like those of Figure 
2. The possibility that the Pld/ phages that were supposedly i~o+zt (Pldl type 
13-4) had instead a lac region with the genetic composition 7+o°2+ or 7~o°z* (dom- 
inant constitutive) was excluded, among other reasons, because the heterogenote 
strains with 7+z~ in their chromosome and a Pldl 13-4 prophage behaved as fully 
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or almost fully repressed (see below), whereas heterogenotes 7+z~ carrying Pldl 
?~o°z+ behaved as typical o° strains (constitutive synthesis 6-7 per cent of the in- 
duced level*:*). 

Another interpretation, that the 7+ gene in the 7*+z~ recipient cells may not be 
fully functional because the adjacent z portion of the /ac region is inactive, was 
excluded by the observation that constitutive synthesis, as in case 3, was also ob- 
served when phage with 7~z*+ was used to infect 7+z+ bacteria in the absence of in- 
ducer, as shown in Figure 3. This experiment also indicated that the escape of a 
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Fig. 3.—Formation of galactosidase fol- 
lowing transduction of E. coli i*z~ or i*z* by 
phage Pid! i~z*. The values for the 7*z* 
recipient were corrected by subtracting the 
small amounts of 6-galactosidase formed by a 
control culture without phage. 
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phage-carried gene 2+ from repression is probably not shared by a z* gene in 
the recipient, because the rate of constitutive synthesis was not higher than in the 
case of a 27 recipient. 

In addition, it was easy to show that escape from repression was not due to phage 
infection per se since infection of 7+z+ bacteria with normal phage P1 does not lead 
to constitutive galactosidase synthesis; nor does mixed infection of ¢+z~ cells with 
Pidli-z* and normal P1 increase the level of constitutive synthesis. 

The escape phenomenon is related to the entry of z+ genes as part of a phage and 
not simply to their location within a phage element. In fact, the study of several 
strains of different genetic constitutions, listed in Table 1, showed that once a stable 
(or quasi-stable) lysogenic relation is established, repression of the z+ gene in phage 
Pidi by an 7+ gene in the host chromosome, that is, in “trans” position, is quite 
effective, although not always as complete as repression by an 7+ gene in “cis” 
position.® Also, an 7* gene in an established prophage represses a y+ gene in the 
host chromosome and vice versa, as shown by permease measurement on strains 
v-z-yt (Pldl tt+zty~-) and itzty~ (Pldl i-z-y+).4 The repression of z+ or yt 
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TABLE 1 
EFFECTIVENESS OF REPRESSION BY I* IN VARIOUS LAC * STRAINS 


Enzyme units/O. D. units 

Genotype (a) b) Ratio 

Strain Chromosome Pidl TMG +TMG (b) /(a) 
3.000 "a" 1.4 1540 1100 
3.300 ' 1500 1500 1 
W4032-W-5 . y 1700 1400 
1800 1250 
900 900 


W4032-W-1 
Sh I-4 


SOO 600 
: 875 50 
3.§ 900 250 


l 


5) 
1 


3.0S80-13- 
3.0S80-13- 
l: 


Sh 125- 


l 
l 
Z | 
Sh 31-20 tz tz 1.6 2500 1600 
’ l 
7 


4 
4 
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The bacterial strains were grown in TGA medium in the presence or absence of 107 M TMG Ali- 
quots were removed at intervals for measurement of optical density and of galactosidase. 


genes by an 7+ gene located in trans is analogous, of course, to the repression ob- 
served in similar situations between genes carried in two chromosomal fragments 
in mating and in I’-duction heterogenotes.* 

It seemed possible that the z2* gene in a newly entered phage escaped repression 
because of an insufficient cytoplasmic level of the product of the internal 7+ gene. 
If so, the z+ gene might be brought under control by addition of glucose, which 
antagonizes external inducers, supposedly by increasing production of internal 
repressors. The results shown in Table 2 indicate, however, that the escape syn- 


TABLE 2 
EFFECT OF GLUCOSE ON ENZYME SYNTHESIS 


Enzyme synthesis after transduction Enzyme synthesis 
i~z*Pldl — i*z~ cells 3.300 3.000 


(1 2 (3 t~z w*2 
Escape Tots Induced Constitutive Induced 
Carbon source TMG) (+TMG) 2-1) TMG) (+TMG) 
in growth medium units per ml per hour units per 1 unit O.D 


Glycerol 0.85 3.7 2.85 1270 1050 


Glucose 0.5 0.7 : 516 110 


© Inhibition 
by glucose 10%; 93% 59% 89% 


thesis, like the constitutive synthesis in 7~z* bacteria, is reduced only to about one- 
half by glucose, whereas the TMG-induced synthesis is reduced 10- to 20-fold. 
Thus, if the escape phenomenon is due to an insufficient amount of repressor, this 
insufficiency is not remedied by glucose; it may be an insufficiency of aporepressor 
only. An insufficient amount of repressor might be a reflection of early multiplica- 
tion of the 7+ gene copies introduced with phage. If so, when these gene copies 
become diluted in the course of cell division, one might expect escape synthesis of 
enzyme fo cease. For at least 3 hours this was not observed. 

Another explanation of the escape phenomenon would be an early interaction 
between the newly entered genes and the host genes, leading to inactivation of the 
host gene 7+ in some of the bacteria, presumably by recombination. Apart from 
the fact that most recipient cells probably have several nuclei, hence several 7+ 
copies, we have obtained no evidence to suggest such an early recombination be- 
tween exogenote and endogenote. If integration of newly entered genes could occur 
almost immediately, some of the lac*+ transductants may be expected to start to 
multiply quite early; instead, the number of /ac+ transductant colonies remains 
constant for hours. In addition, several experiments were done in which HFT 
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lysates containing Pldl phage with the genes o+z~ were used to infect either another 
otz~ or an o’2* recipient. In these cases, recombination within the o0-z region is 
required to give a functional z+ locus, and the transduction frequencies are cor- 
respondingly lower than with o+z+ donors. If a substantial part of the reeombina- 
tional events could occur very early after infection, some galactosidase activity 
should be found; none was observed (beyond the very low levels corresponding to 
the uninfected levels of the recipient cells in the cases of two leaky mutant strains, 
E. coli 3.320 and 3.0U0). 

In summary, we conclude that the escape phenomenon is not due to failure or 
displacement of the 7+ gene of the host, but reflects a peculiar behavior of a lac 
region that has newly entered a bacterial cell as part of a phage. 

Transduction to P1-lysogenic recipients: Another peculiarity of the behavior 
of phage-transduced z+ genes toward repression is revealed by a comparison of P1- 
sensitive and Pl-lysogenic recipient strains. The course of enzyme production 
in the presence of an inducer is qualitatively similar to both cases; but the rate of 
enzyme production is much lower with the lysogenic recipients (see ref. 1, Fig. 
5). Table 3 gives values for several recipients and for a variety of phage 


TABLE 3 
SYNTHESIS OF GALACTOSIDASE AFTER TRANSDUCTION TO PI1-SENSITIVE AND P1-LYSOGENIC 
RECIPIENTS 
Donor phage - 
Pldlw i*z Pldl i*z Pldl i*ocez* 


{ecipient Enzyme Enzyme, Enzyme, 
strain units/ml /hr Ratio units/ml /hr Ratio units/ml/hr Ratio 


5.2 ‘ 0.6 


Y. coli itz 0.4 
8 
Y. colii*tz~(P1) 0.26 


E. coli 


E. colii-z-(P1) 
Shigella 7 tz 8.4 ; 3 


Shigella 7*z-(P1 0.25 0.18 


The values for enzyme correspond to the linear phase of synthesis in the presence of 10°° M TMG 
The values in italics are the ratios between the values for Pl-sensitive and for Pl-lysogenic recipient strains. 
The rates of Pl adsorption to lysogenic and sensitive recipients are identical. 


types. The ratios between rates of synthesis in lysogenic vs sensitive cells range 
from 1:2.3 to 1:67. It isnoteworthy that the repression by the P1 prophage is more 
effective with those types of Pldl phages, such as Pldlw, that are known to be them- 
selves less effective in phage-immunity functions and less able to compete with a 


normal P1 prophage.’ 

Discussion.—Two main findings emerge from these results: the partial escape 
of newly transduced z+ genes from repression by the 7+ genes of the recipient cells, 
and the inhibition by a Pl prophage of the expression of a z+ gene newly entered as 
part of a phage. 

The escape phenomenon indicates that repression by 7+, which is fully effective 
on a z* gene in Cis position, is not always so in trans. Repression appears to work 
effectively in trans between genes in the chromosome and in an F’ factor; it is al- 
most as effective, although often incomplete, between chromosome and P1dl pro- 
phage.’ Yet, internally produced repressor is only about 80 per cent effective in 
repressing z* genes that have recently entered with a phage. Individual-cell ex- 
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periments with fluorogenic substrate! will be needed to decide whether the escape 
is due to full enzyme production in 20 per cent of the cells or to enzyme production 
at 20 per cent the maximal rate in all the 7+z~ cells that have received an 7~-z+ 
phage. 

It remains to be seen whether the escape phenomenon is peculiar to lac+ genes 
that have entered with a phage or occurs with any “newcomer” genes. Experi- 
ments with F’ elements carrying 7~z* genes are in progress. 

The lower level of galactosidase synthesis after transduction to recipient bacteria 
that are Pl-lysogenic might reflect either a suppression of multiplication of the 
newly-entered phage element or an effect of the prophage, probably through the 
immunity repressor, on the function of the lac+ genes. Arguments against ex- 
tensive multiplication of the recently entered Pldl phage have been given.! Also, 
a phase of accelerated enzyme synthesis is still observed with Pl-immune recipients 
(see ref. 1, Fig. 5) indicating that phage multiplication is probably not the explana- 
tion of the accelerated phase. It seems more likely that the effect of lysogeny on 
galactosidase production reflects a submission of the z+ gene in P1dl to the restrain- 
ing effect of the immunity repressor: the genes of the lac operon, being part of a 
(defective) Pl phage, become part of a “superoperon” controlled by the P1-im- 
munity repressor. It is known that the functions of most phage genes are repressed 
by immunity.* The lac genes in the phage are apparently subject to this control; 
more or less so, depending on the complement of Pl genes with which they are as- 
sociated in different Pldl types. In fact, specific phage genes are responsible, not 
only for production of the immunity repressor, but also for sensitivity to it (im- 
munity-operator genes’). 

It is remarkable that immunity should repress the function of z+ genes in a newly 
entered Pidl phage and not in an established Pld/ prophage of the same type (see 
Table 1). Clearly, with regard both to repression by the 7+ gene and to the effects 
of immunity, the recently entered genes behave differently from genes in stabilized 
components of the cellular genome. The differences may reflect either differences 
in intracellular topography or differences in status of the genetic elements with re- 
gard to multiplication. This question may be discussed more profitably after con- 
sidering the experiments on derepression to be reported in the following paper.® 

Summary.—Introduction of z+ genes into 7+z~ bacteria by transduction, in the 
absence of an external inducer, results in a constitutive synthesis of 6-D-galactosi- 
dase at about one-fifth the maximum induced rate. This “escape phenomenon” 
is attributed to a partial failure of phage-associated z+ genes to respond to the chro- 
mosomally-controlled repressor when they first enter the recipient cell, but not when 
they are part of an established prophage. In addition, the z+ gene in a newly en- 
tered phage element, but not in an established prophage, is subject to partial repres- 
sion by the specific phage-immunity repressor. 

The z+ gene in the phage, however, is fully subject to repression by an 7* gene 
in the same phage element. 


* Aided by grants from the National Science Foundation, G-8808, and the National Institute of 
Allergy and Infectious Diseases, National Institutes of Health, E3038 (C1). 
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BIOSYNTHESIS OF 68-D-GALACTOSIDASE CONTROLLED BY PHAGE- 
CARRIED GENES. III: DEREPRESSION OF B-D-GALACTOSIDASE 
SYNTHESIS FOLLOWING INDUCTION OF PHAGE DEVELOPMENT 
IN LYSOGENIC BACTERIA* 
By H. R. ReEvEL, 8S. E. Luria, ann N. L. Youne 
MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
Communicated October 23, 1961 


When F. coli bacteria carrying the prophage Adg, which contains the gal loci 
for galactose utilization, are treated with doses of ultraviolet (UV) light sufficient 
to induce phage production in A-lysogenic bacteria, the gal genes become dere- 
pressed.! That is, synthesis of galactokinase in the absence of an external inducer 
increases 20- to 30-fold over the constitutive level. A similar result has been re- 
ported for galactose-l-phosphate uridyl transferase.? Following UV induction, 
even gal* bacteria that carry a normal \ prophage show a marked constitutive syn- 
thesis of these enzymes,'! as though the induction of prophage A, which is attached 
in the immediate vicinity of the chromosomal gal genes,* caused derepression of 


these genes. 


A similar derepression by z+ genes in prophage P1d/ was independently observed 


two years ago in our laboratory. In the course of the production of high-frequency- 
transducing (= HFT) lysates by UV treatment of heterogenote EF. coli lac**' 
(Pld/ i+ 2+) it was noted that the crude lysates, which were prepared in media with- 
out external inducers, contained significant amounts of 6-D-galactosidase, while the 
unirradiated bacteria had much less. A systematic study of this phenomenon 
was undertaken following the discovery of the escape phenomenon described in the 
preceding paper,‘ and the results are reported here. 

Materials and methods were as described in a previous paper.> UV treatment 
was done on bacteria collected from growing cultures and resuspended in saline 
After irradiation the bacteria were diluted in TGA medium. 

Results.—Derepression following UV irradiation: Figure 1 illustrates the produc- 
tion of 6-D-galactosidase and its release in extracellular form by a culture of EF. coli 
i+z-y* (Pldli~ z*) following UV treatment and Pl-superinfection. Also shown is 
the production of transducing activity assayed in samples from the same culture. 
There is a close parallelism between release of transducing phage and of galactosi- 
dase; both are presumably freed by bacterial lysis. A delay occurs between syn- 
thesis and release of enzyme, so that the total amounts of enzyme are at first in ex- 
cess over the cell-free enzyme. Ultimately, however, practically all the enzyme 
formed is released as free enzyme. This is true even with UV treatment alone with- 
out superinfection with P1, and indicates that al) bacteria in which enzyme is pro- 
duced as a response to UV are ultimately lysed. 
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120 
Minutes After Irradiation 
Fic. 1.—Production of galactosidase and of transducing phage after UV irradia- 


tion of the heterogenote F. coli strain 3.0S0-13-4-1, ¢+z~(Pldl i-z*). The amount of 
enzyme in a nonirradiated culture is alsoshown. No inducer was present. 


Figure 2 shows the effect of varying UV doses on the amounts of enzyme and of 
phage produced. For any given strain the optimal dose is the same for both effects, 
indicating that they result from a common mechanism. With the strain used in the 
experiments of Figure 2, the maximum amount of galactosidase formed corresponds 
to what would be produced if about 5 to 10 per cent of the bacteria had been either 
genetically constitutive or grown with an inducer 

Table 1 provides a comparison of the amounts of enzyme synthesized constitu- 
tively by a variety of strains after UV treatment. The significant findings are 
as follows: (a) UV treatment provokes constitutive 8-galactosidase synthesis 
only when the z* gene is in the Pld/ prophage, not when it is in the bacterial chro- 
mosome, even though a normal Pl prophage may be present (at variance with the 
findings with the A system!*); (6) the amount of UV-initiated enzyme synthesis 
is different in different strains, being generally higher for strains that carry a Pldl 
i~z+ prophage; it is in all cases much less than the full TMG-induced amount would 
be. 

The UV treatment that causes derepression in the heterogenotes carrying Pld z* 
also leads to production of transducing particles of Pld/ phage. The production of 
transducing phage is greatly increased, for most strains, by superinfection with ac- 
tive PI after irradiation.® It is interesting to compare the production of galactosi- 
dase and of /ac-transducing activity after these treatments. Representative 


results are given in Table 2. Clearly, UV treatment alone is responsible for the 
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Fic. 2.—Production of galactosidase and of transducing phage by irradiated EF. 
coli strain 3.0S0-13-4-1 (see Fig. 1) as a function of the UV dose. The values given 
are measured 200 min after irradiation. Note in Figure 1 that by this time the 


transducing phage titer may have decreased substantially. 


derepression of enzyme synthesis; superinfection with P1, which greatly increases 


the production of transducing activity, does not affect enzyme production signifi- 


cantly 

It was also found that the amount of enzyme formed after UV-treatment de- 
pends on the medium used, being lower in TGA medium than in a tryptone-yeast 
extract broth, at least for some of the heterogenote strains. 

The basal levels of galactosidase present in unirradiated, uninduced cultures of 
the heterogenotes are often higher than those of normal inducible FZ. coli strains, 
especially when the endogenote is 7+ and the exogenote i>.’ In order to check 
whether this base-line constitutive synthesis of enzyme was due to a small minority 
of <> mutant or recombinant homogenotes, a detailed study was made of strain 
I. coli 3.080-13-4-2, which is 7+ z~(Pldl 7~ z+) and produces constitutively 2 per 
cent as much enzyme as after induction by TMG. A culture of this strain was 
plated out on tryptone agar; isolated colonies were picked at random, grown in 
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TABLE 1 

PRODUCTION OF GALACTOSIDASE WITHOUT INDUCER AFTER UV IRRADIATION 
Maximum 
5/0.D. 


I E/O.D. 


after untreated 
Bacterial Chromosomal Plidl Treatment treatment control 
strain genes prophage UV Pl a) (b) 


3.000 -— - 0.99 1.82 


>) 


W 4032 lac tz + - 1.03 1.03 
1.78 0.97 
0.98 1.21 
W 40382 lac*(P1 - 0.61 1.24 


3.0S0-13-4-1 “_ ~ . 100 l 
115 l 


3.0S0-13-4-2 


2.0S0-13-4 
Sh 125-13-4 


W4032-W-5 
W4032-W-1 


2.080-W-1 ’ 1*s” + 
Sh I-4 rZ a*2" + - 
The UV dose was 40 sec; P1 helper phage, when present, was added to give a m.0o.i : y enzyme 
and O.D. were measured at 30-min intervals in treated and control cultures. 
TABLE 2 
EFFECT OF Pl SUPERINFECTION ON PRODUCTION OF GALACTOSIDASE AND OF TRANSDUCING 
ACTIVITY 


Treatment Maximum enzyme Transducing 


sacterial strain inits/ml activity/ml 


3.0S80-13-4-1 11.2 5 xX 103 


18.5 1 xX 108 


3.0S0-13-4-2 - 18 <100 
26.9 x 10° 


W4032-W-1 1.1 x 10! 
+ 1.2 x 10° 


TGA medium, and tested for constitutive galactosidase levels, comparing them with 
i+z* and with 7~z* cells. Out of 407 cultures tested, 401 showed low enzyme levels 
like those of the parent culture; 5 had no enzyme and were probably lac~, presum- 
ably having lost the Pldl prophage; only one out of 407 (or 0.25 per cent) was like 
i~z* and was probably a constitutive recombinant homogenote.’ We conclude 
that the constitutive enzyme present in unirradiated cultures of 7+ heterogenotes is 
not produced by a minority of 7~ cells, but is due to a certain degree of escape of the 
phage-associated z* gene from repression by a chromosomal 7* gene 

The effect of \ prophage on UV-provoked derepression: When an 7+ heterogenote 
strain carrying Pldi z* also carries a prophage \, which is readily induced to vegeta- 


tive replication and maturation by small doses of UV light, the UV-induced syn- 


thesis of galactosidase is almost fully suppressed. Data for strains of the W-5 
type are given in Table 3; other strains behave similarly. Note that the produc- 
tion of lact+ transducing particles is also reduced. Development of phage X after 
irradiation is fairly rapid, lysis beginning at 60 min. and being complete by 100 
min.’ The supression of both galactosidase synthesis and production of transducing 
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TABLE 3 

kkrFECT OF \ PROPHAGE ON UV D5REPRESSION OF GALACTOSIDASE IN HETEROGENOTES 
Treatment Enzyme Transducing 
Bacterial strain IV Pl units/ml activity/ml 
W4032-W-5(A _ 2.9 . 105 
+ 2.6 9.6 108 
+ 0 9.8 10 
_ 3 4 108 
W 4032-W-5a5 38.5 2.4 105 
d\-cured ) + 2 ) 10° 
3.6 108 
102 
10 
10' 
108 
104 


W 4032-W-5(A 
\-reinfected 


XKXKK KK KK KKK & 


Before and after treatment the bacterial cells were grown in tryptone-yeast extract broth. Enzyme 
and transducing activity (on strain 2.0S0 as recipient) were measured 3 hr after treatment 


Pidl phage may be due to a general interference with a variety of biosynthetic 
processes by the developing phage X. 

Derepression following infection with a virulent mutant of phage P1: Confirma- 
tory evidence that the partial derepression of the 2* gene following UV treatment 
of heterogenotes reflects the removal of immunity, rather than some unknown action 
of UV light, was provided by the observation that derepression also follows another 
kind of immunity release. A virulent mutant for phage P1, called Plke vir, was 
available, which upon infecting P1l-lysogenic bacteria causes a large proportion of 
them to lyse and to release phage. An experiment in which cells of a heterogenote 
strain were superinfected with phage Plkc vir is presented to Figure 3. Production 
of galactosidase, in amounts corresponding to the complement for 2 10° fully- 
induced cells, was produced by infection of about 5 X 10% cells. Similar results 
were obtained with all heterogenote strains. With EF. coli heterogenotes, most of the 
enzyme was released from the cells by 90 min. after superinfection, in parallel with 
release of phage; with Shigella heterogenotes, the release was slower. Note in 
Figure 3 that the lysate also contained transducing activity, the amount being about 
| transduction per 1,000 active phages. This indicates that the Pldl phage, whose 
2* gene controls the derepressed enzyme synthesis, participated in the phage vield. 
Control experiments showed no derepression of a chromosomally located z* gene 
in Pl-sensitive or Pl-lysogenic bacteria superinfected by Plke vir. The presence 
of a ) prophage did not alter the results of superinfection with P1ke vir. 

Discussion. Phage P1 in the prophage state is partially inducible to vegetative 
replication, maturation and lysis by UV irradiation; 5 to 20 per cent of P1-lysogenic 
cells release phage after suitable UV-treatment. The UV provoked derepression 
of galactosidase synthesis under the control of a Pld/ z+ prophage is probably anal- 
ogous to the derepression of phage genes that would lead to phage production from 
a normal P1 prophage. Likewise, superinfection with the virulent mutant Plke vir 
overcomes prophage immunity and derepresses the function of genes in the prophage. 

Most or all of the enzyme made constitutively after derepression by UV light is 
released as free enzyme into the medium. This indicates that most and possibly 
all the cells that produce enzyme also undergo lysis. The derepression of the z+ 
gene is accompanied by derepression of the phage genes of Pldi that control the 
lytic process. There is apparently no “abortive” derepression of the lac genes 
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Fig. 3.—Production of galactosidase by EZ. coli strain 3.0S0-13-4-1 after multiple in- 
fection with phage Plke vir. 
analogous to the abortive transduction, in which the z+ genes in Pldl phage fune- 
tion but lysis and enzyme release are not observed.® 
The remarkable observation is that the effectiveness of repression mechanisms on 
the z+ gene in phage depends on the state of the phage element. (a) Ina newly- 
entered Pidl phage, the z* gene is subject to full repression by an 7+ gene in cis, 


to partial repression by 7* in trans, and to variable degrees of repression by P1- 
immunity. (6) Inan established Pld/ prophage, the z* gene is subject to variable 
but almost complete repression by 7+, whether in cis or trans, and is insensitive to 
Pl-immunity. (c) In a Pldl element that has been activated, by UV or by 
Pike vir, the z* gene is again partially relieved from 7+ repression. A significant 
conclusion that seems justified by these findings is that the various repression 
mechanisms must act at the gene level, as has already been postulated on the basis 
of other evidence.’ It is difficult to see how repression mechanism acting at the 


level of the protein-forming system—messenger-ribosome level—could discriminate 
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between messages coming from genes in the chromosome, or in a loose phage, or in 
a prophage. 

The working of the repressive controls can hardly be speculated upon on the basis 
of present data. Since Pl-immunity, which suppresses multiplication of a newly 
arrived phage and also depresses the function of the 2+ gene in such a phage, does 
not affect it in an established phage, it may be that Pl-immunity per se is not the 
primary mechanism that supresses the function of most phage genes in the prophage 
state. Asimilar conclusion has recently been proposed on different grounds. '° 

We have no evidence as to whether the derepression of z+ after UV-treatment on 
P idl heterogenotes simply reflects a change in state of the prophage or is a result of 
multiplication of Pld/. In the case of \dg-carrying heterogenotes, there is evidence 
that \dg does not multiply unless a normal phage J is also present ;!! yet, derepression 
of the gal genes occurs in the absence of normal A. Hence, multiplication of the 
gal-containing element is apparently not needed. 

Clearly, topographical considerations play a role in regulatory mechanisms, either 
because of variable local concentrations of repressors or because of neighborhood 
relations between genes. An illustration of the importance of such neighborhood 
relations is the derepression of chromsomal ga/l* genes upon activation of an adjacent 
\ prophage by UV treatment. In analogous experiments with P1-lysogenie bac- 
teria there is no derepression of the chromsomal 2+ gene. All available evidence 
indicates that a Pl or Pld/ prophage, if it is attached to any chromosomal site at 
all,!? is not near the lac locus.'* The chromosomal gal genes and the \ prophage 
may be considered as part of a superoperon, some of whose component genes become 


repressed or derepressed in a coordinate fashion; /ac genes and phage genes in P 1d 


may constitute another such superoperon. 

Summary.— UV-irradiation or infection by virulent phage mutant P1ke vir cause 
heterogenote strains carrying Pld/ z+ phage to produce some 6-D-galactosidase in 
the absence of an external inducer. The enzyme produced in this derepressed 
synthesis is released free into the medium by lysis. The derepressed synthesis is 
attributed to the induction of the prophage that carries the z+ gene. No derepres- 


+ 


sion of chromosomal z+ gene is observed when similar treatments are used on 


bacteria carrying a normal P1 prophage. 
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MEASUREMENT OF ACTIVITY OF SINGLE MOLECULES 
OF B-D-GALACTOSIDASE* 


By Borts RorTMant 
DEPARTMENT OF GENETICS, STANFORD UNIVERSITY MEDICAL SCHOOL, PALO ALTO, CALIFORNIA 
Communicated by Joshua Lederberg, October 16, 1961 


A method capable of measuring the activity of single enzyme molecules could 
initiate studies of a number of biological problems not yet amenable to experimen- 
tation. A technique for measuring 6-D-galactosidase in droplets of microscopic 
size using a new fluorogenic substrate, 6-hydroxyfluoran-6-D-galactopyranoside 
(6HFG) is described here. Results obtained by this technique indicate that it is 
capable of detecting individual molecules of the enzyme. 

As practical applications, the molecular weight and turnover number of 8-D- 
galactosidase were determined by this method. The values obtained are compar- 
able with those found by conventional techniques. Another application of this 
method is in determining whether or not an enzyme is composed of a homogeneous 


molecular species with respect to activity. This is exemplified here by experiments 
with a genetically altered 8-D-galactosidase. We concluded that the altered 
enzyme is a different species than normal 6-galactosidase. In contrast, thermal 


inactivation leads to a mixture of fully-active and inactive enzyme molecules. 

Materials and Methods.—The substrate 6HFG* was synthesized by coupling 6-hydroxyfluoran 
(6HF)! and tetraacetyl-8-D-galactopyranosylbromide? in anhydrous benzene with silver oxide 
present.? The tetraacetyl galactoside was deacetylated with sodium methylate.‘ The final 
product, purified by ascendent paper chromatography in a 1-pentanol, 1-propanol, water system 
(40:11:15), moved with an R, of 0.17 on Whatman #1 paper at room temperature (22°C). 6HF 
was located by the strong greenish fluorescence of 6HF liberated after spraying a portion of the 
paper with 6-D-galactosidase. A long wavelength ‘“Mineralight’’ was used for excitation. UV 
light of shorter wavelength decomposes 6HFG on paper, forming a compound with bluish fluo- 
rescence. This can serve to locate 6HFG on chromatograms. 

The purity of 6HFG was established by paper chromatography in three different solvent 
systems at neutral, acid, and basie pH. Complete hydrolysis of 6HFG by a purified, crystalline 
preparation of 6-D-galactosidase from Escherichia coli (kindly supplied by Dr. D. Perrin) with 
stoichiometric recovery of 6HF and D-galactose indicates that 6HFG has the formula: 


CH.2OH 
HO }--00 
/ \ 


Additional proof of structure will be presented separately.® 

The following properties of 6HF, a deoxy-derivative of fluorescein, explain why 6HF is par- 
ticularly suitable as a fluorogen: (a) like fluorescein, 6HF has a strong greenish fluorescence in 
neutral pH and a quantum yield near 100 per cent;® (6) it is excited with highest efficiency at 490 
my, a wavelength which does not generally excite biological material; (c) in contrast to fluorescein, 
6HF has a single phenolic group; therefore, any 6HF derivative linked through the OH group 
would be expected to have little or no fluorescence.’ Accordingly, 6HFG has little fluorescence as 
compared with 6HF. Furthermore, the two compounds differ markedly in both their excitation 
and fluorescence spectra. The wavelength for maximum excitation is 495 mu for 6HFG and 400 
my for 6HF. 6HFG has a fluorescence peak at 520 mu, while 6HF has it at 490 my. These 
differences give a fluorescence ratio 6HF/6HFG of about 10° for 2.6 * 10~* M solutions in an 
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Aminco-Bowman spectrophotofluorometer using 480 mu for excitation and measuring fluorescence 
at 520 mu. For macro-assays, 6HF can also be measured by absorption at 490 my in a spectro- 
photometer. This method can be more convenient than fluorescence if dilutions are to be avoided. 
The optical density was found to be directly proportional to 6HF concentration in the range 
10-§ M to 10-* M with a molar extinction coefficient of 5.81 * 10%. 

Crude preparations of 8-D-galactosidase were obtained from the constitutive mutant W1317 of 
Escherichia coli, strain K-12.5 Cultures were grown in mineral medium? with 0.4 per cent glycerol 
with vigorous rotation. About 10! washed cells were suspended in 5 ml 0.02 M sodium phosphate 
buffer, pH 7.2, and disrupted in a French press." The lysate was spun down at 50,000 x g for 
60 min and the supernatant sterilized by filtration through a Millipore HA filter G. 8-D-galac- 
tosidase activity is expressed as mymoles of o-nitrophenyl-8-D-galactopyranoside (ONPG) 
hydrolyzed per minute under conditions previously described.’ Hydrolysis of 6HFG by 6-D- 
galactosidase was measured in 0.2 ml of 0.02 M sodium phosphate buffer, pH 7.2, by incubating 
the reaction mixture at 37° and stopping the enzymatic action with 1.8 ml of the same buffer at 0°. 
The amount of 6HF liberated was determined within seconds thereafter. 

The enzymatic hydrolysis of 1.2 « 10~4 M 6HFG at 37° proceeded at a constant rate for 5 hr 
at a rate of 120 wumoles/ml per min until 30 per cent of the substrate was hydrolyzed. The K,, 
value of the crude 6-D-galactosidase extract, as measured with 6HFG under the conditions 
described above, was 3.2 & 107* M and Vmax was 45 mumoles/min per ml of extract. With 
ONPG the Ky», was 1.7 X 10-4 M and Vmax was 1.04 umoles/min per ml of extract. 

Collins’ spray method!! was used to disperse a solution containing the enzyme and the sub- 
strate into droplets of 0.1 to 40 « diameter. In this method, the solution is atomized over a few 
drops of silicone oil placed on a microscope slide coated with silicone (Siliclad, Clay-Adams). 
A coverslip, also coated with silicone, is placed over the oil immediately after spraying. A very 
fine mist is obtained with an atomizer made of a capillary tube of about 20 w diameter at the 
spraying tip. Microdroplets rise slowly through the oil and come in contact with the coverslip 
without apparent change in their spherical shape. This is true only when a silicone oil denser than 
water is used. For our studies, the following modifications of the Collins method were introduced. 
To prevent evaporation during prolonged incubation, an oil chamber was devised from a piece of 
Parafilm (Marathon) 2 em square with a hole 1.5 cm in diameter perforated in the middle. The 
Parafilm was then fused to the slide and a coverslip was used as a lid. Five drops of oil were 
placed in the chamber before spraying. Immediately after spraying, a coverslip with three 
hanging drops of oil was deposited to seal the chamber. Our atomizer was operated by nitrogen 
at 2 Ib/in.? pressure. Dark field slides (A. Thomas #7038) were selected of a thickness that per- 
mitted the dark field condenser to be in focus when in direct contact with the slide. This procedure 
eliminates the subjective operation of focusing the condenser and, therefore, assures a constant 
illumination for every slide. A silicone oil of lower density than water was used in order that the 
droplets containing the enzyme-substrate solution would settle to the bottom of the slide instead 
of rising. The settling time was less than 45 min, and if necessary, this could be shortened by 
spinning the slides in a swinging bucket centrifuge at 70 X g for 1 min. The slides were fastened 
to the tube holders with small pieces of modeling clay. 

8-D-Galactosidase preparations were diluted in 0.02 M sodium phosphate, pH 7.2, containing 
0.207 bovine albumin (Armour, fraction V) and yeast extract!” prior to spraying. These additions 
served to protect the enzyme from denaturation. All solutions were sterile. 6HFG was sterilized 
by filtration through millipore membrane filters. For spraying 0.01 ml of a given enzyme dilution 
was mixed rapidly with 0.04 ml of 1.2 * 1074. M 6HFG; the reaction mixture was sucked into the 
capillary tube of the atomizer (previously tried out with water) and then sprayed on the silicone oil 
chamber. A pH paper placed near the slide served to guide the spraying. The coverslip, ready 
with oil, was dropped over the oil chamber immediately after spraying. Until the time of spray- 
ing, the solutions were kept cold. After incubation the microdroplets containing the reaction 
mixture were found evenly distributed at the bottom of the oil chamber and the amount of 6HF 
liberated by the enzyme in each droplet was determined by microfluorometry. 

A Zeiss Universal microscope equipped with a ITI-Z condenser was used. This condenser per- 
mits rapid changes from bright to dark field without changing the focus. The light source was the 


6-volt-15-watt tungsten built-in lamp normally supplied with the microscope. For some experi- 


ments, it was operated by a 6-volt battery. Monochromatic light was obtained by interposing a 
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3mm Zeiss BG-12 blue filter. A 40 planachromatic objective was used in conjunction with a 
25x ocular combination (ocular 12.5 optovar 2X ) for visual observations. For photometry, the 
image from the objective was diverted to the monocular tube of the microscope where an Aminco 
photomultiplier microphotometer equipped with shutter and Wratten 412 filter, to exclude exciting 
light, was installed. The area measured by the photomultiplier (RCA 1P21) was reduced to about 
20 » diameter by placing a fixed pupil of 2 mm diameter near the point where the image of the 
object is focused. 

The procedure for fluorimetric assay was as follows: (1) the slide was incubated for 15 hr at 36° 
and then placed under the microscope, (2) a drop of immersion oil was placed on the condenser, 
(3) the condenser was raised until it came in contact with the slide and then was centered, (4) a 
given droplet was selected and then its diameter measured using a calibrated ocular micrometer; 
bright field with green filter was used for this measurement, (5) the droplet was centered in the 
field by means of cross hairs, (6) the blue filter was placed in position, the condenser changed from 
bright to dark field, the light directed to the photomultiplier, the green filter removed from the 
light path and the photometer read, and (7) these last operations were reversed and a new droplet 
was selected. 

About 80 droplets in the range 14-15 » diameter were measured in each slide. Visual gauging, 
made possible by using a range of diameters instead of simply one, facilitated the selection of drop- 
lets prior to actual measurement. Figure 1 is a photomicrograph of a slide with droplets as used 
for these experiments. 

Controls without enzyme and calibration samples with 6HF were run with every determination 

Results and Conclusions.—Experimental conditions and sensitivity of the method: 
Figure 2 depicts the relationship between intensity of fluorescence and droplet 
volume for three concentrations of 6HF. It is seen that the intensity of fluores- 
cence is proportional to 6HF concentration throughout the whole range of droplet 
volumes. Nevertheless, fluorescence values become confluent below 13 yu diameter 
and, for this reason, droplets in the range 14-15 uw diameter were selected as op- 
timal for subsequent experiments. Figure 3 shows that fluorescence is proportional 
to 6HF concentrations in the range 6 X 10-*M to 2 XK 10~° for droplets of 14 and 
15 » diameter. From these results the sensitivity of the method can be calcu- 
lated. The volume of a droplet 14 » diameter is 1.4 X 10-° cm*. With a 6HF 
concentration of 2.0 K 10-®§M, the amount of 6HF detectable is 2.8 x 10~-% 
moles, equal to 1.68 X 10° molecules. The turnover number of 8-galactosidase 
for 6bHFG, calculated from Cohn’s turnover number for ONPG (4,000 per sec) !* and 
an empirical ratio of (ONPG — 28°)/(6HFG — 37°) = 64.5, is 2.23 & 10° molecules 
of 6HFG hydrolyzed per hour per molecule of enzyme. Accordingly, our method 
should detect a molecule of enzyme in less than 10 hr. 

Stability of the enzyme during spraying: Experiments were conducted to test 
if 8-D-galactosidase were inactivated during spraying. Enzyme _ preparations 
were diluted with 0.2 per cent albumin to give three solutions with activities of 
66, 22, and 1.32 mumoies of ONPG hydrolyzed/min. per ml. Samples of 0.2 ml 
from each dilution were atomized in long capillary tubes and the mist collected 
in a beaker with 3.0 ml 0.02 phosphate buffer. Other samples were mixed 
directly with the buffer without spraying. ONPG was added to the final solu- 
tions and galactosidase activity was determined. Incubation times ranging from 
18 min. to 6 hr were used. The results indicate that less than 2% of the enzyme 
is inactivated during spraying. 


Reconstitution experiments: To determine whether 6H could diffuse from one 


droplet to another through the silicone oil, reconstitution experiments were run. 
Solutions with and without 8.6 X 10-°1/ 6HF were sprayed consecutively on 
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Fic. 1.—Photomicrograph of dispersed droplets of 6HFG in silicone oil taken 
under dark field with a blue filter on the lamp. Droplets with green fluorescence 
due to release of 6HF by 6-D-galactosidase appear as white circles in the photo- 
graph. The intense fluorescence in this slide was caused by single cells of Escher- 
ichiacoli. Note the even distribution of droplets on the slide. This is always ob- 
served and is probably associated with electrostatic forces on the droplets. 


a slide using two separate atomizers. The interval between the two sprayings 
was kept within 10 sec. After 15 hr at 36°, fluorescence in droplets of 14-15 u 
was measured, As shown in Figure 4, the droplets were distributed in two well- 
defined groups. One group corresponded to controls without 6HF; fluorescence of 
the other group was comparable to controls with 8.6 X 10-64 6HF. No drop- 
lets intermediate between these two groups were found in a set of three experi- 
ments. 

Changes in droplet volume during incubation: The possibility that the volume 
of the 14-15 yw diameter droplets changes during incubation was examined. To 
this effect, the diameter of the droplets was measured periodically. The experi- 


ments were conducted at 38° in a constant temperature room. Photographs of 
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Fria. 2.—Relationship between intensity of fluorescence and droplet 
volume. The values here were obtained at higher light intensity 
than that used in other experiments. Droplets of seven different 
diameters were measured. Small horizontal displacements of the 
plotted points indicate only that two droplets of the same diameter 
have similar fluorescence. 


the same microscope field were taken with a 35 mm camera at 30-60 min intervals. 
Diameters of droplets were measured in enlargements made with a fixed amplifi- 
cation factor. Consequently, sequential measurements of several droplets at a 
time were possible. Taking the initial volume of each droplet as 100, the standard 
deviation in 27 droplets after 8-15 hr incubation was 1.4 per cent. The range was 
—2.4 to 5 per cent. These results indicate that no significant changes in volume 
occurred during incubation. 

Determination of molecular weight: If a solution containing x molecules of 
enzyme per ml is dispersed into droplets of »v ml volume, the average number of 
enzyme molecules per droplet n is equal to vr. Because of statistical fluetuations 
each droplet will not have exactly n enzyme molecules. The probability p(r) of 
finding 0, 1, 2, 3,..., 7 enzyme molecules in a droplet is given by the Poisson law 
p(r) = (n’e-"/r!). For example, when the average number of molecules per droplet 
is 1, the proportion of droplets with 0 and 1 molecules is e~! = 0.37; with 2 mole- 
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Fig. 4.—Reconstitution experiment to test 
Fic. 3.—Proportionality between  fluo- diffusion of 6HF in silicone oil. Droplets 

rescence and 6HF concentration. Each point with and without 6HF 8.6 X10°° VW were 

represents the average fluorescence of 20 sprayed consecutively at 10-see interval 

droplets 14-15 ww diameter minus a_back- using two separate atomizers. 

ground value of 2. The vertical lines 

indicate standard deviation. 


cules, e~!/2 = 0.18; with 3 molecules, e~!/6 = 0.06.'4 Experimentally, the average 
number of enzyme molecules per droplet can be determined from the proportion 
e~" of droplets without enzyme. From the average number of molecules per 


droplet and the droplet volume, the molar concentration x of the enzyme solution 
can be obtained by n/v. The molecular weight of the enzyme can then be calcu- 
lated as the ratio of the weight concentration and molar concentration of the 


enzyme solution. The determination of weight concentration requires either a 
solution of pure enzyme or knowing the specific activity of pure enzyme. 

These principles were applied to experiments with 6-D-galactosidase. Figure 5 
presents the distribution of fluorescence among droplets for a series of dilutions 
of enzyme, controls without enzyme, and calibrating standards of 6HF. The 
following conclusions were drawn from the results: 

(1) Droplets with measurable fluorescence appeared only when 6-galactosidase 
was present. In 60 experiments without enzyme, involving more than 1,700 
droplet measurements, no droplets with significant fluorescence were detected. 

(2) The measured distribution of fluorescence among droplets established the 
presence of four distinct categories: (a) droplets without fluorescence, (b) droplets 
with a given amount of fluorescence, (¢) droplets with about twice the fluorescence 
of group 6, and (d) droplets with three or more times the fluorescence of group b. 
This differentiation of groups, as well as the proportion of droplets within them, 
conforms to the expected Poisson distribution of enzyme molecules among the 
droplets (Table 1). The amount of substrate in the droplet limits the assay when 
more than two enzyme molecules are in the droplet. For this reason, the proba- 
hilities of three, four, and more molecules were added together in Table 1. 

(3) The average number of enzyme molecules per droplet was calculated from 
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DISTRIBUTION OF FLUORESCENCE AMONG DROPLETS 


Enzyme diluted 2500 
- i. Se 


Enzyme diluted | 3750 





Enzyme diluted | 5000 


percent 


dropiets 


Enzyme 





Number 
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Fig. 5.—Distribution of fluorescence among droplets 14-15 » diameter for various enzyme di- 
lutions. One ml of the 6-D-galactosidase solution before the indicated dilution hydrolyzed 467 
mumoles ONPG per min at 37°. 


TABLE 1 
THEORETICAL AND OBSERVED DISTRIBUTION OF ENZYME MOLECULES AMONG DROPLETS 
Average 
Percentage Percentage fluorescence 
Class of Droplet observed expected intensity 

Dilution 1:2500 

With 0 molecule 56 

With 1 molecule 25 

With 2 molecules 17 

With 3 or more molecules l 
Dilution 1:3750 

With 0 molecule 

With 1 molecule 

With 2 molecules 

With 3 or more molecules 
Dilution 1: 5000 

With 0 molecule 

With | molecule 

With 2 molecules 

With 3 or more molecules 
Dilution 1:7500 

With 0 molecule 

With 1 molecule 

With 2 molecules 

With 3 or more molecules 


5.6 

24.1 

16.1 
107 


5 
23 
52 


* The percentage expected was calculated from the proportion of droplets without enzyme using Poisson's law 
(see text). 
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the proportion of droplets without enzyme. From this number, the number of 
enzyme molecules per ml present in the B-galactosidase solution used for spraying 
was calculated. If this method is correct, the number of enzyme molecules per ml 
obtained at different enzyme concentrations must be proportional to enzyme con- 
centration measured by standard methods. Figure 6 shows data that conform to 


this postulate. 


Average number of molecules per droplet 





~ 005 Ol 01S 02 025 
p galactosidase concentration 


Fic. 6.—Proportionality between enzyme concentration and average number of enzyme mole- 
cules per droplet determined by our method. The 8-D-galactosidase concentration of the sprayed 
solution is given in mumoles ONPG hydrolyzed per min at 37° per ml of enzyme solution. 


(4) In addition, the curve in Figure 6, fitted to the points by the least-squares 
method, provides a better estimate of the average number of enzyme molecules per 
ml of extract; namely, 8.7 X 10"! molecules/ml equivalent to 1.4 X 10~!* moles/ml. 
The weight of protein corresponding to 8-galactosidase in our extract, 8.9 * 1077 
g/ml, was calculated from the known specific activity of purified enzyme.'* Di- 
viding this value by 1.4 & 10~!* moles/ml, a molecular weight of 630,000 with an 
estimated error of +15 per cent results. The values obtained by conventional 
methods are 700,000!* and 750,000.'® 

Kinetics of single enzyme molecules: The rate of 6HFG hydrolysis by single 
enzyme molecules was measured by the increase in fluorescence of droplets chosen 
under conditions assuring an 86 per cent probability of selecting droplets with 
single enzyme molecules (i.e., n = 0.3.). A few droplets having detectable fluores- 
cence after 2 or 3 hr incubation at 36° were located on the slide and fluorescence 
measurements of these droplets made at intervals. 

As shown in Figure 7A, the rate of hydrolysis was similar in six out of eight drop- 
lets. Two droplets exhibited a rate approximately twice that of the others. The 
conclusion drawn is that the droplets with the lower hydrolysis rate contain a 
single molecule of enzyme. Accordingly, the average rate for single enzyme mole- 
cules is 115 molecules of 6HFG hydrolyzed per sec. The rate for the droplets 
with faster hydrolysis is 258 6HFG molecules per sec. The possibility that these 
results are biased because short incubation periods favor selection of droplets con- 
taining more than one enzyme molecule was tested by two methods. First, the 


proportion of droplets without fluorescence was determined in four slides sprayed 
with the same enzyme dilution and incubated at 36° for different periods of time. 
Figure 7B shows that the proportion of droplets without fluorescence remains con- 
stant within experimental error throughout 8 hr of incubation. In another ex- 
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Fic. 7.—Kinetics of single enzyme molecules. <A: genetically altered 6-D-galacto- 
Droplets of 14-15 uw diameter were selected on a slide after — sidase. The activities at 37° of the 
3 hr incubation at 36° and fluorescence measurements in enzymes before dilution were: 264 
these droplets made at intervals. Open and filled circles ©myumoles ONPG _ hydrolyzed per 
indicate two different slides. B: Four different slides min per ml of altered enzyme 
sprayed with the same enzyme solution were incubated at solution and 3.1 mymoles ONPG 
36° for 2, 4,6 and 8 hr. Horizontal displacement of the | per min per ml of heat-inactivated 
plotted points indicates only the number of droplets enzyme solution. 
measured. The activity of the sprayed solution was 87.3 
uzmoles of ONPG per min per ml of enzyme solution. 


periment, similar results were obtained with two slides, one incubated for 2 hr 
and the other for 15 hr. Second, the hydrolysis rate was determined under condi- 
tions where probability of measuring droplets with more than one enzyme molecule 
was negligible. To this effect, the average number of enzyme molecules per droplet 


was decreased to less than 0.1 using more dilute enzyme solutions for spraying. 
With average 0.1 the proportion of droplets without enzyme is 90.5 per cent, with 
one enzyme molecule 9.05 per cent, and with two or more 0.45 per cent; therefore, 


in these experiments only 4.7 per cent of the droplets containing enzyme should 
have more than one molecule. The hydrolysis rate under these conditions was 
determined not by single droplet kinetics but by the average fluorescence of 10 to 
20 droplets after 15 hr incubation. The rate found, 120 molecules per sec is com- 
parable with 115, the value from kinetic measurements. The conclusion is that 
the probability of selecting droplets with one enzyme molecule after 2 hr incubation 
is not influenced by this relatively short incubation. 
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Turnover number: The prevailing method to obtain the turnover number 7'N 
of an enzyme (defined as moles of substrate consumed per mole of enzyme per sec) 
requires determinations of specific activity a and the molecular weight / of the 
enzyme: TN = aM. Incontrast to this method, the turnover of 6-D-galactosidase 
is obtained here directly from the rate of 6HFG hydrolyzed by one enzyme mole- 
cule. Furthermore, unlike the conventional method, the single molecule procedure 


does not require enzyme in pure state. 
For purposes of comparison, the turnover of ONPG can be calculated from our 


6HFG turnover number applying the ratio between rates of hydrolysis of the two 
substrates. This ratio, at 10-27 ONPG and 10-4 6HFG was found empirically 
to be 103.5. Thus the turnover number for ONPG is 1.2 & 104 molecules per sec 
at 36° corresponding to 7,000 molecules per sec at 28°. The difference between 
the latter value and 4,000 molecules per sec at 28°, calculated by M. Cohn," 
could not be interpreted by the existing data. 

Analysis of Genetically Altered and Heat-Inactivated B-Galactosidase.—The method 
described above was used also to determine whether an enzyme considered as 
genetically altered 8-D-galactosidase could be a mixture of active and inactive 
molecules of wild-type 6-D-galactosidase or really a different enzyme species. 
If the activity in the altered enzyme was due to the presence of wild-type enzyme 
molecules, upon dispersion, the distribution of molecules among droplets should 
be the same for wild-type and altered enzyme solutions of equal average activity. 
Altered 6-D-galactosidase, purified and crystallized from Escherichia coli, strain 
K-12, 13PO, has a K,, of 10-2 and a specific activity of 5.9 umoles of ONPG 
hydrolyzed per mg protein per min measured in 17/375M ONPG at 28°." By 
contrast, the wild type enzyme has a K,, of 1.8 & 10~4M/ and a specific activity of 
336 umoles ONPG per mg protein per min under similar conditions.'* In our ex- 
periments, crystalline altered 8-D-galactosidase was dissolved, prior to spraying, 
to match the ONPG splitting activity of normal enzyme solution previously used 
(Fig. 5). Altered enzyme solutions were sprayed on slides and fluorescence among 
droplets of 14-15 uw diameter measured after 15 hr of incubation at 36°. 

Figure 8 shows that droplets with altered enzyme do not have significant fluores- 
cence and differ from controls without enzyme only because a slight shift in distribu- 
tion occurred. This contrasts with the differentiation into groups and the spread 
found with normal enzyme (Fig. 5). It follows that the altered enzyme does not 
contain wild-type molecules but is a different molecular species. 

Similar experiments were conducted to decide whether heat partially inactivates 
all molecules or produces a mixture of active and inactive molecules. A solution of 
wild-type 8-D-galactosidase containing 400 times more enzyme than normally 
used for experiments was inactivated to 0.72 per cent of the original activity by 
heating at 60° for 6.5 min. Different dilutions, matching ONPG splitting activity 
of untreated enzyme solutions used in previous experiments, were sprayed on 
slides and fluorescence in the droplets measured. Comparison between Figures 5 
and 8 shows that the distribution pattern of normal and heat inactivated enzyme 
is similar, and that both differ radically from the pattern of genetically altered 
enzyme. We concluded that some enzyme molecules retain full activity during 
heat inactivation while others show no detectable activity. 

Discussion.—The results obtained by the fluorogenic method lead us to conclude 
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that it can measure activity of individual enzyme molecules. This conclusion is 
based largely on the following points: 

(1) The amount of detectable 6HF is consistent with the turnover of a single 
enzyme molecule calculated by the molecular weight and specific activity of 6-D- 
galactosidase. 

(2) The observed distribution of fluorescence among droplets at different 8-D- 
galactosidase concentrations conforms with the predicted Poisson distribution of 
single enzyme molecules among droplets. The concordance between observed 
and expected data can be estimated by comparing our figure- of 630,000 for the 
molecular weight to the known values of 700,000—750,000.!* 1° 

(3) The probability that observed distributions occurred by sampling variations 
alone was estimated from the data and found to be less than 0.8 per cent per ex- 
periment. Considering that more than 50 experiments were conducted, this 
probability is negligible. 

The method described here has general applications to problems concerning 
molecular homogeneity and, at the cellular or subcellular level, determination of 
enzymatic activity of cells or biological particles." 

The 6-D-galactosidase assay with 6HFG is a model for other enzyme systems 
in which 6HF could serve as fluorogen for the substrate. The sensitivity of the 
method can be increased several fold if fluorescence is enhanced by higher light 
intensity. However, instability of light sources and fading of fluorescence!’ be- 


come problems at certain light levels and would require more complicated instru- 


mentation than that used here. 


* This work was initiated at the Enzyme Institute, Wisconsin, and continued at the School of 
Medicine, University of Chile, and Veterans Administration Hospital, Albany, New York. 

t Present address: Syntex Institute for Molecular Biology, 3221 Porter Drive, Palo Alto, 
California. 
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A CHANGE IN OPTICAL ROTATION OF CREATINE-ATP 
TRANSPHOSPHORYLASE DURING ENZYME SUBSTRATE 
INTERACTION SUGGESTING AN ALTERATION IN CONFORMATION* 


By ArtTHurR J. SAMUELS,? TAttcHt NIHEI, AND LAFAYETTE NoDA 


DEPARTMENTS OF PATHOLOGY AND BIOCHEMISTRY, DARTMOUTH MEDICAL SCHOOL, HANOVER, NEW 
HAMPSHIRE 


Communicated by Walter H. Stockmayer, October 16, 1961 


One of the main tasks in the study of enzyme function is the elucidation of 
evidence for mechanisms which express the complex, highly organized structures of 
proteins. The deformation of enzyme in response to substrate has been recently 
thoroughly discussed as a possible contributory mechanism to enzyme action,' but 
evidence reported has been primarily thermodynamic and kinetic. This paper 


presents evidence based on a decrease in optical rotation, observed when the 
enzyme is in equilibrium with its substrates, which when combined with recently 


published immunoenzymological experiments on creatine kinase strongly suggests 
that a conformation change occurs.” 

At the time creatine-ATP-transphosphorylase (Cr-kinase) was crystallized, 
preliminary studies were carried out which showed that this enzyme was more 
completely protected against thermal denaturation by the simultaneous presence of 
all of its substrates (MgATP-Cr) than by any one-of them singly.** More recently, 
while working with antibodies to myosin and 5’adenylic acid deaminase,** which 
have been shown to change configuration (measured immunochemically) during 
denervation atrophy,” it was shown that although the substrate 5’adenylic acid 
protected the deaminase against antibody inhibition, a competitive inhibitor, in- 
organic phosphate, increased the affinity of the enzyme to its specific antibody.” 
Furthermore, while working with the Cr-kinase antibody system one of us (A.J.S.) 
found that although each of the substrates was independently bound to the enzyme, 
MgATP or Mg plus Cr did not “protect” this enzyme against antibody inhibition, 
while the simultaneous addition of MgATP and Cr dad successfully deter antibody 
inhibition, although the equilibrium constant of antibody-enzyme combination is 
approximately a millionfold that of the enzyme-substrate affinity.2 These data 
were interpreted as indicating that there was a change in conformation of these 
enzymes during substrate combination,” and led to the present experiments. 

In order to obtain further evidence suggesting a change in conformation, a study 
of the optical rotation of Cr-kinase was undertaken. Cr-kinase is an ideal enzyme 
with which to study the effects of substrate binding, for at equilibrium with its 
substrates it is primarily in the bound form. The over-all equilibrium constant 
(Cr) (MgATP)/(Cr-P)(MgADP) is of the order of unity.” 

The Michaelis constants for the substrates in both forward and reverse direction 
were measured, and it was shown that the Michaelis constant is equivalent to the 
equilibrium constant of the dissociation reaction of the enzyme and a given sub- 
strate;* Le., the values for MgATP, MgADP, Cr, and Cr-P are 0.40, 0.2, 19.0, and 
0.8 mM respectively.” 

Materials and M ethods.—Six different preparations of once- and twice-crystallized 
creatine kinase were used, at concentrations that varied from 0.4 to 1.6 per cent, 


1992 
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usually at pH 9.0 in 0.1 MW glycine buffer (but some experiments were run at, 7.0). 
These were fully active preparations containing approximately 70 units/mg ac- 
tivity. The protein concentration was measured by Biuret method. Checks on 
enzyme concentration after removal from polarimeter were also run. 

Optical rotation was measured by means of a model 80 photoelectric spectro- 
Rudolph and Sons) at a 
wavelength of 366 my with a mercury lamp. The rotatory dispersion curves were 


) 


run between 313 and 589 mu. 


‘ 


polarimeter with an oscillating polarizer prism (O. C. 


Results.—F igure 1 shows the rotatory dispersion of the enzyme alone, in the 


-450 


tied At 
——= n0 add. 
e substrate 


ROTATION 


OPTICAL 








Fic. 1.—Rotatory dispersion of creatine kinase at pH 9.0 in glycine (0.1 M). Substrate con- 
centrations at equilibrium Mg** = 20.0 mM; ATP = 1.3 mM; ADP = 2.6mM; Cr = 21.2 
mM; Cr-P = 2.4mM. 


presence of all substrates, and in 6 M urea. The equilibrium concentrations of 
substrates calculated from earlier data*®® may be seen in the legend. The “working” 
enzyme in combination with its substrates shows a small but consistent increase in 
the specific rotation in the positive direction. Urea increases negative rotation. 
All three curves give excellent straight lines when plotted according to the single 
term Drude equation, as do most globular proteins. Creatine kinase fits into the 
first group of Jirgensons’ classification.£ The Ac (normally 252 my) as may be seen 
from Table 1, part 5, changes extensively on urea denaturation (220 my). The 
small change in this value seen on substrate combination (252 to 258 my) is probably 
not significant. The aj of this protein is approximately 38 and decreases to 34 
when the substrate is bound. Experiments have also shown that the specific rota- 
tion increases linearly in proportion to the amount of substrate bound. The small 
change in specific rotation is very close to those values found with D-glyceraldehyde- 
3-P dehydrogenase,’ when this enzyme was crystallized in the presence or absence of 
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TABLE 1 
‘HANGE OF OpTiIcAL ROTATION OF CREATINE KINASE ON BINDING SUBSTRATES 
Sample (a) soe Remarks 
178 (—2.523) (Protein) = 1.41 gm% 
162 (—2.284) S = Cr + ATP + Mg which rotates 
(—0.04) more negative on forming CrP + ADP 
- ATP + Mg 17: (Protein) = 1.45 gm% 

ATP + Mg + Cr i Cr — no rotation CrP negative slope as 
concentration increases; ADP more 
negative than ATP 

S + EDTA 7 EDTA (0.017 M) added after equilibra- 

: tion of E + S (Protein) = 0.73 gm% 
(a)p 
+ EDTA : EDTA (0.033 M) as above 37. 
(Protein) = 1.13 gm% 
34.0 
pH 7.0; Enzyme 60% bound; change in 
rotation proportional to binding; (Pro- 
tein) = 0.4gm%. Rotation changed by 
competitive inhibitor 
K —(a)7? 
252 mu 132 < 105 44.3 
258 mp 106 x 105 38.1 
Urea 220 mu 292 x 105 100.0 


DPN. Elodi and Szabolesi* obtained even greater differences with the same 
enzyme when it was crystallized in the presence or absence of DPN. Table 1 
further shows that the specific rotation of creatine kinase undergoes a change onl: 
in the presence of all substrates (when it is ‘‘working’’), rather than when only two 
of the substrates are added (see part 2 of Table 1). This experiment is reminiscent 
of the immunoenzymological experiments? on which it was patterned. Of interest 
is the fact that although MgATP and creatine are separately bound’ any new 
asymmetric center that might be expected to be formed especially by the MgATP- 
protein does not appear to change the optical rotation. The rotatory contribution 
of the substrates is very small when compared with that of the protein and in the 


opposite direction to the observed effect.{ This, however, does not completely rule 


out the possibility that a new asymmetric center is formed.'® In order to test 
whether the equilibrium mixture of the substrates contributed to the rotation, ADP 
and Cr-P were also tested. The ADP had a more negative rotation than the ATP, 
and the Cr-P had negligible rotation at the concentrations used; but when higher 
concentrations were used the rotation became more negative rather than positive as 
was observed when the protein was bound. Ethylene diamine-tetraacetate 
(EDTA) has been shown to inhibit the enzyme when added in amounts stoichi- 
ometric with the Mg in the enzyme system.'!* When EDTA was added to the 
enzyme-substrate equilibrated mixture, the rotation was shown to increase to the 
unbound form. Controls at several different levels of EDTA, protein, and sub- 
strates combined and uncombined were also run, and this result obtains at all levels 


+ + 


high enough to bind the Mg The pH dependence of the rotation has been found 
to vary only slightly between pH 5 and pH 9; a very slight minimum (much less 
than the differences observed with substrate combination) exists at pH 7.5. Be- 
yond these limits the rotation becomes more negative. Other experiments which 
were done at pH 7.0, to rule out any possible pH effect, showed the same changes 
as at pH 9.0 (see part 4, Table 1). 
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The effect of paramercuribenzoate (PMB) on the specific rotation of the enzymes 
was tested and shown to be negligible, although this sulfhydryl reagent binds to the 
protein and modifies the Km.” 

NEM (N-ethyl-maleimide), which also modifies Km and Vmax, causes a positive 
change in rotation comparable to that of substrate when two molecules of the 
inhibitor are bound. 

Discussion.—Although the role of conformation changes in enzyme mechanism 
has been thoroughly discussed and the “detection of small configurational changes 
accompanying substrate binding” described as of considerable importance,'? the 
present results are the first among the undoubtedly large number of enzymes that 
have been studied by optical rotation that have shown a specific change during 
normal substrate activation. The fortuitous relationship of high binding constants 
of the substrates, and the over-all equilibrium close to unity in the ratio of the sub- 
strates of the forward and reverse reaction are probably responsible for this finding. 

The very recent results of Szabolesi and Biszku' on aldolase showing that PMB 
caused changes in conformation as tested by trypsin digestion, which were reversible 
by substrate addition, prior to complete enzyme inactivation, may be very similar 
to the effect of NEM, but not PMB, described here. 

The present optical rotation results on creatine kinase support the earlier im- 
munoenzymological results? pointing up the value of the biological tool that has, 
until recently, been neglected except by a few.* 14 

These results strongly suggest on the basis of physical criteria that a conformation 
change is important for enzyme action and suggest further experiments to determine 
whether the process involved in this conformation change is one of “induced fit”’ 


as proposed by Koshland! or whether there is an exchange of energy and informa- 
tion between the substrate and the enzyme which somehow triggers a response in 


the protein coils. 

Summary.—The specific rotation and rotatory dispersion of creatine-ATP- 
transphosphorylase has been measured and found to follow the single term Drude 
equation between 313 and 589 mp. The enzyme has been found to undergo a small 
but consistent increase in specific rotation only when in equilibrium with all of its 
substrates, which suggests a conformation change during activity. 

Addendum.—Although the dispersion data shown in Figure 1 give good lines when 
plotted according to the Yang-Doty method, it was decided, after a conversation 
with Dr. A. G. Szent-Gy6érgyi about this work, to attempt a Moffitt plot of these 
data in order to obtain bp value, which is often a measure of the helical content. 
a?3(X2 — Xo?) XK 10-* versus 1/(A?2 — Ao?) K 10° was used, assuming a Ao of 210 mu. 
The native and bound enzyme gave fairly good straight lines although the difference 
between the bo values (254 and 215) was within the experimental error of the data. 
The urea-treated “nzyme gave a very poor line (bp anywhere from —33 to —111). 
Chis work is being continued. 


The authors are indebted to Drs. P. von Hippel and W. Englander for discussions 
concerning optical rotation and to K. Y. Wong for the extremely careful help he 
rendered in operating the spectropolarimeter. 

* This work was presented by Arthur Samuels at the Biophysical Society Meeting 5 TB-9, 
1961, and was supported by a grant from the National Science Foundation (13083). 
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PHOSPHATE INCORPORATION INTO ALKALINE PHOSPHATASE OF 
BE. COLI* 
By James H. ScHwartz AND FRITZ LIPMANN 
THE ROCKEFELLER INSTITUTE, NEW YORK CITY 
Communicated October 19, 1961 


Serine phosphate has interested us for a long time.':? More recently, the 
function of serine as a component of an active center in enzymes has received much 
attention.*: 4 The quality of the hydroxyl group in serine is obviously variously 
modified by neighboring amino acids and, more generally, by structural features 


of the molecular environment.®:* Now, the reports of Agren,’? and of Engstrém‘ 
on the isolation of serine phosphate from phosphate-incubated mammalian alka- 
line phosphatase make it seem likely that serine is the active center of this enzyme. 


The availability of the phosphatase of 2. coli in a rather pure form® made us hope- 
ful that we might here have an opportunity to obtain precise information on the 
situation of the reactive serine in this enzyme. This seemed particularly desir- 
able since the genetic characterization of the phosphatase is far advanced.'°~'? 
We hoped eventually to map the amino acid sequence at the active center by 
marking serine in the enzyme with radioactive phosphate. In accord with obser- 
vations on other phosphatases, we found that after incubation with inorganic 
phosphate, serine phosphate can be isolated from FE. coli phosphatase. Similar 
results with this enzyme were obtained independently by Engstrém.'* 
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Preparation of the Enzyme.—The enzyme was purified by a modification of the 
method outlined.’ Because of these changes, we present the procedure in some 
detail. A constitutive strain of #. coli K 12 (C,P*+) was grown and harvested as 
described.'4 The cell paste, weighing 2.4 kg, was homogenized in 400 ml of water 
in a Waring blendor at 4°. About 1 liter of acetone at —20° was added to the 
smooth paste, and briefly blended. The resulting suspension was rapidly poured 
into 16 liters of acetone at —20°, and then filtered. The filter cake was washed 
with multiple small amounts of cold acetone totaling 4 liters, and then with 5 lb 
of ether at —20°. When the temperature of the filter cake rose to 4°, the material 
was spread out thinly on blotting paper to dry at room temperature. 

The dried powder was extracted with 2 liters of 0.1 MW Tris HCl buffer at pH 
7.4 with 0.01 M MgSO, and 1 mg DNase at room temperature for 2 hr. After 
centrifugation, the extract was fractionated with ammonium sulfate and the pre- 
cipitate from the 30-60 per cent saturated solution was retained. Ammonium 
sulfate was removed by dialysis against 0.1 Tris HCI buffer and 0.01 M MgS0O,. 
The resulting solution was heated for 15 min at 75° and the precipitate discarded. 
The supernatant was incubated with RNase (10 ug/ml) at 30° for 2.5 hr, and 
exhaustively dialyzed first against 0.1 M Tris HCl buffer pH 7.4 and 0.01 W MgSO, 
and then against a ten-fold dilution of the buffer. The dialyzed solution contained 
10.4 mg of protein per ml as determined by the Lowry method," using albumin as a 
standard, and 9.6 mg of alkaline phosphatase per ml as estimated from the turn- 
over number for p-nitrophenyl phosphate reported® using 80,000 as the molecular 
weight. Some of this material was chromatographed on DEAE-cellulose as de- 
seribed.° 

Partial Identification of Hydrolysis Products of Phosphate-Treated Enzyme.—The 
enzyme was hydrolyzed for 18 hr in 2 N HCl in a boiling water bath!» 7 and the 
products of hydrolysis were electrophorized. In Figure 1, an electropherogram is 
compared with its corresponding radioautograph. The picture shows the presence 
of serine phosphate and of three more slowly moving radioactive compounds, pre- 
sumably serine phosphate containing peptides 1, 2, and 3. The radioactive ma- 
terial overlapping authentic serine phosphate was again electrophorized at pH 
1.9, 4.7, 6.5, and 8; its mobility always corresponded exactly to that of authentic 
serine phosphate. The other radioactive compounds that appear on Figure 1 
were eluted and further hydrolyzed for 6.5 hr. Radioautographs of the electro- 
pherogram of the products of such hydrolyses are shown in Figure 2. Peptide 3, 
which was obtained in smallest yield, is hydrolyzed to serine phosphate and pep- 
tides 1 and 2 (Fig. 2, Series 1). Peptide 1 yields serine phosphate and peptide 2, 
as can be seen in Figure 2, Series 2. 

These experiments show the three peptides to be partly interconvertible: pep- 
tide 3 yields 1 and 2; 1 yields 2; and all of them partially hydrolyze to serine 
phosphate. Further preliminary information on the localization of serine phos- 
phate was obtained by brief hydrolysis of the enzyme protein in 6 N HCl at 100°. 
After 10, 20, and 30 min of hydrolysis, approximately a dozen distinct radioactive 
compounds appeared on electrophoresis in addition to serine phosphate (Fig. 3). 

In view of the presence of 33 serines in this phosphatase," it was important to 
determine whether phosphate is fixed to a special serine. Trypsin digestion yields 
35 distinet peptides,'!! " as we have confirmed. A tryptic digest of phosphorylated 
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Fic. 1.—Electropherogram and corresponding radioautograph of the products from phosphoryl- 
ated alkaline phosphatase after partial acid hydrolysis in 2 N HCl. Incubation: 150 mg of enzyme 
with 0.1 4M phosphate, specific activity 5 mC/uM, in 0.1 M Tris HCl buffer pH 8, and 0.001 
M MgSO, for 5 min at 34°. Protein was precipitated by the addition of 0.2 ml 50% TCA and 
washed twice with iced 5% TCA and once with ether. The protein was hydrolyzed in 5 ml 2 N 
HCl on a steam bath, with refluxing, for 18 hr. The hydrolysate was lyophilized to dryness and 
then dissolved in 0.5 ml of 0.1 N acetie acid. Authentic serine phosphate was added as an internal 
standard, and 20 ul were applied to wet Whatman 3 MM paper for electrophoresis at pH 3.3 
(acetic acid: pyridine: water/100:5:895) for 2.5 hr at 3 kv on a water-cooled copper plate. is the 
electropherogram stained with ninhydrin. FR is the corresponding radioautograph made with 
clinical X-ray film stapled to the paper and exposed for 30 min. All electropherograms are 
oriented so that the positive electrode is toward the top of the page. 
phosphatase yielded predominantly one radioactive peptide, as shown in Figure 4, 
indicating that the reactive serine is located in a single region of the enzyme mole- 
cule. In addition to the main component, some undigested radioactive material 
remained at the origin, and a small fraction of the radioactive material moved 
more rapidly to the negative electrode than did the major radioactive tryptic 
product. This last fraction seems to consist of peptides which also appear on 
digestion of the phosphatase by chymotrypsin. It is probable that the faster- 
moving compound is not a product of trypsin digestion but is due to contamination 
of the trypsin with chymotrypsin, since commercial trypsin preparations are 
known to be so contaminated. The major tryptic product remains a single band 
after two-dimensional elecirophoresis in two different systems, or after two-dimen- 
sional electrophoresis followed by paper chromatography.'’ When the major 
tryptic product was hydrolyzed for 18 hr in 2 N HCl at 100°, an electropherogram 


of the hydrolysaie showed serine phosphate and the same three peptides seen in 


the hydrolysate of phosphaie-treated whole phosphatase, as shown in Figure 1. 
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Fic. 2.—Comparison of electropherograms of radioactive peptides from acid hydrolysates of 
phospho-enzyme and products of their further hydrolysis. The radioactive material from areas 
1 and 3 in Fig. 1 was eluted with water and aliquots were further hydrolyzed in 2 V HCl on a steam 
bath for 6.5 hr. Series 1. (Ia) 18-hr hydrolysate; (1b) products of further hydrolysis of isolated 
peptide 3; (IIa) same as Ib; (IIb) peptide 3 as isolated from 18-hr hydrolysate. Series 2. (Ia) 
products from the further hydrolysis of peptide 1; (1b) original 18-hr hydrolysate (as in Fig. 1); 
(IIa) same as Ia; (IIb) peptide 1 eluted from chromatogram of 18-hr hydrolysate. The amount 
of radioactivity in the 18-hr hydrolysate applied to the paper was adjusted to a level matching the 
amount in each peptide sample. The conditions of electrophoresis were the same as those de- 
scribed for Figure 1. Exposure of the X-ray film was 3 days for the petptide 1 series, and 4 weeks 
for the peptide 3 series. 

Some Chemical Characteristics of Phosphate Binding.—Alkaline phosphatase is 
extraordinarily resistant to denaturing reagents. After precipitation with cold 
5 per cent TCA, approximately 50 per cent of the enzyme activity can be found 
in the washed precipitate. Enzyme activity can be recovered even after TCA 
precipitation, followed by dissolving in 88 per cent formic acid for 30 min at 0° 
and precipitating again with 5 per cent TCA. Reflecting this resistance to de- 
naturation of the enzyme protein, incubation of an enzyme suspension in 5 per 
cent TCA with radioactive phosphate resulted in definite incorporation into the 
serine. This unusual stability has made it difficult to collect exact and numeri- 
cally reliable data. No; procedure in our hands denatures instantly, arresting 
phosphate incorporation and its reversal. The only procedures found to result in 
irreversible denaturation of the enzyme with respect to its hydrolytic activity are 
autoclaving, boiling with acid, and reduction with thioglycolate followed by alkyl- 





2000 BIOCHEMISTRY: SCHWARTZ AND LIPMANN Proc. N. A. 


+ 


<— Inorganic 
phosphate 


Fic. 3.—Radioautograph of 
an electropherogram of the acid 
hydrolysis products of P#?-phos- 
phorylated alkaline phospha- 

on tase. 24 mg of enzyme were in- 
= < Serine cubated for 5 min at 30° in 0.1 
phosphate M Tris HCl buffer, pH 8 with 
0.08 M phosphate specific ac- 
tivity 12.5 wC/uM. After incu- 
bation, the protein was precipi- 
tated with acetone at —20°, and 
the precipitate washed twice 
with cold 5° TCA and twice 
with ether-acetone (3:1). The 
residue was then autoclaved for 
15 min. The autoclaved mate- 
rial was suspended in 6 V HCl 
and placed onasteam bath. At 
10, 20, and 30 min, 0.5-ml sam- 
ples were removed and dried in a 
dessicator. These were redis- 
solved in a small amount of 
water and applied to the paper 
for electrophoresis at pH 3.3 for 
Peptides 5.5 hrat4.2kv. X-ray film was 
exposed for 16 hr to obtain the 
radioautograph. 





ation with iodoacetate."” Enzyme denatured by autoclaving or by the reduction- 
alkylation procedure lost the capacity to incorporate phosphate. 

The data reproduced in the following tables are presented in spite of the vari- 
ability already mentioned so that some preliminary notion might be given con- 
cerning the chemical characteristics of phosphate fixation. Incorporation of 
phosphate is favored by acid conditions. The incubation at pH 5.4 in some of our 
experiments, using only a ten-fold excess of phosphate to enzyme, results in nearly 
| mole of phosphate fixed for each mole of enzyme (Table 1), while under similar 
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Fic. 4.—-Radioautograph of an electropherogram of a tryptic digest of P**-phosphorylated 
alkaline phosphatase. Phosphorylated enzyme was prepared as described for Figure 3. After 
autoclaving, the protein was reduced with thioglycolate and then alkylated with iodoacetate” 


in8 M urea. The reduced material was dialyzed against 0.01 7 NH,HCOs, and after drying in a 
dessicator, was suspended in 2 ml of 0.05 1 NH,HCO; containing 0.2 mg of crystalline trypsin 
(Worthington). After digestion for | hr at 37°, 1 MV acetic acid was added and the digest dried in a 
dessicator. It was then resuspended in 0.2 ml of water, 10 ul of which were applied to the paper 
for electrophoresis at pH 4.6 at 3 kv for 3.5 hr. The X-ray film was exposed for 16 hr, and the 
resulting radioautograph represents all of the radioactivity on the paper, with the exception of a 
small amount of inorganic phosphate, 


TABLE 1 
KINETICS OF PHOSPHATE INCORPORATION AT PH 8 AND PH 5.4 


epm/0.175 uM Moles phosphate 
enzyme (X 10~) bound/moles enzyme 
pH 8 (0°) 
10 seconds 3.! 0.045 
1 minute 3.6 0.047 
2 minutes ‘ 0.08 
5 minutes 3.8 0.05 
{0 minutes { 10 
pH 5.4 (30°) 
15 seconds 6 86 
1 minute i2 8 
2 minutes }: 8 
7 minutes 0 


The tests were made in 0.2 M Tris acetate buffer, 0.001 M MgSO, with 1 ~M/ml of 
phosphate having a specific activity of 4.4 X 10° epm/uM, in a total volume of 8 ml. At 
timed intervals, 2-ml samples containing 0.175 4M enzyme were taken. Protein was pre- 
cipitated by the addition of 0.2 ml of 50% TCA and the precipitate washed twice with 5% 
TC: The precipitate was dissolved in 1 ml of 88% formic acid, then diluted with iced 
water to 9 ml and precipitated once more by the addition of 1 ml of 50% TCA. This pre- 
cipitate was transferred to planchets for counting in 88% formic acid. For checks on this 
isolation procedure, see Table 3. 
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conditions at pH 8, only 0.1 mole per mole of enzyme or less was fixed. The re- 
action between phosphate and enzyme is very fast, even at 0°, since probably com- 
plete equilibration is reached in a few seconds (Table 1). Phosphorylation of 
enzyme appears to be reversible since, on dilution, phosphate is released. After 
37-fold dilution, only '/;; of the originally incorporated phosphate remained 
(Table 2). 


TABLE 2 
Errect oF DILUTION ON PHOSPHATE FIXATION 


epm/0.15 mg Moles phosphate 
Incubation enzyme mole enzyme 


First incubation 76,000 0.1 
After dilution 5,000 0.0065 


In a first period, 0.3 ~M of enzyme was incubated for 5 min at 30° in 0.2 M Tris acetate 
buffer pH 8, and 1 uM/ml of phosphate with a specific activity of 5.25 & 106 cpm/yM, ina 
total volume of 2 ml. At the end of this period, 1 ml was pipetted into 0.1 ml of 50% TCA 
and kept on ice. Immediately, 36 ml of 0.1 M Tris buffer pH 8, warmed to 30°, were added 
to the remaining 1 ml. After 10 min of further incubation, the tube was cooled in ice and 
t ml of 50% TCA were added. At that time, the sample taken from the first incubation was 
correspondingly diluted with 5% TCA. soth samples were then prepared for counting by 
the method described in Table 1. 


The quantity of phosphate fixed by the enzyme is dependent upon total phos- 
phate concentration but independent of the amount of radioactive phosphate 


present (Table 3), indicating that it is indeed the phosphate that is incorporated 


into the enzyme and not a radioactive contaminant. Moreover, arsenate in- 
hibits incorporation of the phosphate (‘Table 4). 


TABLE 3 
DEPENDENCE OF PHOSPHATE FIXATION ON CONCENTRATION 
Phosphate incorporated 


Phosphate added cpm/9.4 mg Moles phosphate 
Conc. u»M/ml cepm/uM enzyme moles enzyme 
0.1 2.2 355 0.009 
l 0. 44 260 0.035 
10 0.11 115 0.22 
Incubation was at 30° for 6 min in 0.2 M Tris buffer pH 8, and 0.001 M MgS0O,, in a total volume 
of 2 ml, each sample containing 9.4 mg of enzyme. The pretein was then precipitated by addition of 
0.2 ml of 50% TCA and the precipitate washed twice with 5% TCA. The samples were dissolved in 
67% acetic acid and aliquots were counted. The remainder was electrophorized at 3 kv for 2 hr in 
the pH 3.3 buffer system (see legend to Fig. 1). Electrophoresis showed that less than 10% of the 
radioactivity in the samples separated from the protein as free phosphate; no correction was made 
for this small contamination. Corresponding values were obtained in other experiments when serine 
phosphate was measured after hydrolysis of the samples, if the measurements were corrected for the 
destruction of serine phosphate during hydrolysis by multiplying them by a factor of 4.2 


The phosphorylation of phosphatase by inorganic phosphate appears to be 
specific. Serine phosphate was not found in acid hydrolysates of phosphate- 
treated a-chymotrypsin (Worthington), ribonuclease A (gift of Dr. A. M. Crest- 
field), or bovine serum albumin (Armour). The peculiarity of the phosphorylation 
reaction to alkaline phosphatase is nicely confirmed by the observation that an 
extract from a mutant of EF. coli (CyP~), similar in every respect to the strain, 
C,P*, from which our phosphatase was purified but lacking the ability to make 
phosphatase, did not fix phosphate. Furthermore, the extract from the P~ mutant 
was fractionated in the manner used for enzyme purification and none of the re- 
sulting fractions fixed phosphate. 

Experiments kindly analyzed by Dr. D. E. Koshland, Jr., showed that during 
incubation with inorganic phosphate in water containing O'%, only a slow exchange 
of O} into the phosphate occurred. The quantity exchanged was one-tenth of the 
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amount of O incorporated into the phosphate produced during the complete 
enzymatic hydrolysis of 8-glycerol phosphate in H,O'’, which, in turn, was slightly 
more than one-fourth replacement of O' by the heavy isotope (Table 5). While 


TABLE 4 
Errect OF ARSENATE ON THE INCORPORATION OF PHOSPHATE 
Addition cpm/8 mg enzyme 
None 5,466 
Sodium arsenate, 0.025 M 714 
Eight mg of enzyme were incubated for 5 min at 30° in 0.2 M Tris HCl buffer 


pH 8, with 0.001 M phosphate specific activity 3 X 10° epm/uM. The samples 
were prepared for counting as described in Table 1. 


TABLE 5 
INCUBATIONS IN H.O'8 
i O'8 atoms % excess in 
Addition isolated inorganic phosphate 

8-glycerol phosphate 0.367; 0.38 
Inorganic phosphate 0.036 

Incubation in both cases was at 30° for 17 hr in 30 ml of water with 1.5% excess 
H.0}8 (Stuart Oxygen Co.), buffered at pH 8 by 0.1 M Tris HCl. All reagents were 
added in dry form, except enzyme, which was added to each incubation in 0.3 ml con- 
taining 0.15 mg, and a small amount of concentrated HC) to adjust pH. In one 
incubation, 0.025 M 8-glycerol phosphate was present, in the other, 0.025 M inorganic 
phosphate. The quantity of enzyme used at its initial rate will completely hydrolyze 
the amount of substrate in the experiment in 165 min, After incubation, phosphate 
was isolated and purified by a modification of the method of Jones and Spector.!9 


these results are consonant with previous studies on alkaline phosphatases from 
other sources,” the slowness of the O exchange is puzzling when one considers the 
characteristics of phosphate fixation by the enzyme. 

Comments.—The present observations with phosphatase remind us of an earlier- 
observed reaction of liver or pancreatic esterases?! 
presence of hydroxylamine, the corresponding hydroxamates; this suggested an 
activation of the carboxyl group, presumably by a covalent binding of the car- 


with fatty acids to give, in the 


boxylate by the esterase. Analogously, phosphatase is now shown to fix inorganic 
phosphate. The results reported here, which are essentially in accordance with 


those obtained by Agren and Engstrém, pose questions on the energetics of the 
phosphate binding, some of which we will try to formulate without, however, 


attempting to give any definite answers. Our dilution experiments indicate an 
easily reversible link between the phosphate and the enzyme, yet O* exchange 
with phosphate is very slow. If, furthermore, one considers the relatively high 
group potential of the phosphoryl group in serine phosphate which, in the classical 
phosphoprotein, actually approaches that of the terminal phosphate in ATP,® 
incorporation of 1 mole of phosphate to 1 mole of enzyme with only a ten-fold 
excess concentration of phosphate is difficult to understand. Nevertheless, a 
strong affinity for phosphate had been deduced earlier from the inhibitory effect of 
inorganic phosphate at quite low concentration® as well as from equilibrium dial- 
ysis experiments by Levinthal and his associates.*? One might then think of the 
possibility of a transesterification where phosphate displaces a previous ligand to 
the hydroxyl group. It has indeed been proposed that the hydroxyl group of 
serine at the active center of esterases is esterified with the free carboxyl group of a 
neighboring dicarboxylic amino acid,”* or is fused in an oxazoline ring.24 The 
possibility that phosphate fixation may be an exchange with phosphate already 
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bound to serine seems to be eliminated by the observation that the enzyme, as 


purified here, does not contain sufficient phosphate to account for an exchange, 
and that serine phosphate is not found in amino acid analysis.?? 

We hope that some of the questions raised here may find an answer when the 
amino acid sequence around the reactive serine has become known. So far, we 
believe the indications are strong that this phosphate binding site participates in 
the catalytic function of the enzyme. 

Summary.—Highly purified FE. coli alkaline phosphate reacts with inorganic 
phosphate yielding serine phosphate and serine phosphate-containing peptides on 
partial acid hydrolysis. After exhaustive digestion of the enzyme with trypsin, 
only one major component appears containing radioactivity. This product may 
be degraded by acid hydrolysis to serine phosphate and the same peptides obtained 
from hydrolysis of the whole enzyme. It is concluded that of the 33 serine mole- 
cules known to be present in this phosphatase, only a particular one reacts with 
the phosphate and that the phosphate-binding serine most likely is in the active 
center of the enzyme. 

Note added in proof: The following experiment appears to show conclusively 
that the serine accepting the phosphate is in the catalytically active center. Three 
samples of 0.011 umole of enzyme in 0.5 ml Tris buffer, pH 5.5, were incubated at 0° 
for 15 see with: (1) P*-phosphate, (2) P**-phosphate + an equal amount of P*!- 
glucose 6-phosphate, and (3) P**-phosphate + an equal amount of fully hydrolyzed 
P*'-glucose 6-phosphate. Reaction was stopped by the addition of 0.1 ml of 2 NV 
HCl, following the method of Engstrém;’ the protein was collected by precipitation 
with acidified acetone, hydrolyzed at 100° for 19.5 hr with 2 N HCl, and elec- 
trophorized as described. The radioactivity of the serine phosphate fraction was 
cut out and counted directly. The following values (not corrected for serine phos- 
phate hydrolysis) were obtained: (1) P**-phosphate alone, 4,412 epm, (2) P*- 
phosphate + equal amount of cold phosphate ester, 472 epm, (3) control, P*- 
phosphate + equal amount of cold phosphate, 2,120 cpm. The experiment shows 
that substrate phosphate competes favorably with inorganic phosphate for the 
specific serine in the enzyme. 
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A GENETIC LOCUS FOR THE REGULATION OF 
RIBONUCLEIC ACID SYNTHESIS 


‘ 


By GUNTHER 8. STENT* AND SYDNEY BRENNER 


MEDICAL RESEARCH COUNCIL UNIT FOR MOLECULAR BIOLOGY, CAVENDISH LABORATORY, CAMBRIDGE, 
ENGLAND 


Communicated by W. M. Stanley, October 23, 1961 


More than 80 per cent of the total ribonucleic acid (RNA) of bacteria is con- 
tained in ribosomes, the particles which appear to be the site of protein synthesis in 
the cell, and most of the remainder is accounted for by the “soluble” acceptor 
RNA involved in the activation of amino acids for protein synthesis.‘~* A very 
minor fraction of the bacterial RNA is represented by the ephemeral messenger 


molecules, which, according to recent hypotheses on the mechanism of protein syn- 


thesis, are the primary gene products of the cistrons of the bacterial deoxyribo- 
nucleic acid that harbor the sequence information for the ordered copolymerization 
of amino acids into specific polypeptides.*~* Whereas the formation of messenger 
RNA, and hence of the quality of protein synthesis, is controlled by various metab- 
olites that act as either inducers or repressors of the functional expression of 
specific parts of the bacterial genome,‘ the formation of ribosomal RNA, and 
hence of the quantity of protein synthesis, seems to depend on the availability of 
amino acids. Thus, auxotrophic bacterial mutants requiring an amino acid for 
growth stop synthesizing not only protein but also bulk, and hence ribosomal, 
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RNA as soon as they are deprived of an exogenous source of the amino acid. How- 
ever, if synthesis of protein is inhibited in such bacteria, e.g., by addition of the 
antibiotic chloramphenicol to the growth medium, then a very small concentration 
of the required amino acid—far below that otherwise necessary for optimal growth 
suffices to promote RNA synthesis at a nearly maximal rate. That is, the re- 
quirement for amino acids in ribosomal RNA synthesis appears to be catalytic 
rather than stoichiometric.”: § 

An exception to the general finding of stringent amino acid control of RNA 
synthesis was discovered by Borek, Rockenbach, and Ryan, who showed that the 
methionine-requiring (Met;~) mutant 58-161 of Escherichia coli, strain K12, con- 
tinues to synthesize RNA even after being deprived of all exogenous methio- 
nine.* ° During methionine starvation, the bacteria more than double their 
relative content of RNA and, without losing the ability to give rise to colonies on 
nutrient agar, undergo a progressive physiological deterioration that delays the 
resumption of normal anabolic activities after restoration of methionine to the 
growth medium. ‘The reason for the methionine-independent RNA synthesis in 
this strain is not that methionine, unlike other amino acids, does not happen to 
participate in the regulation of RNA synthesis, since methionine-requiring auxo- 
trophs of EZ. coli other than strain 58-161 do cease net synthesis of RNA as soon as 
methionine is removed from the growth medium. Instead, as the work to be re- 


ported here shows, the exceptional behavior of strain 58-161 reflects its possession 


of a chromosomal, genetic character that relaxes the stringency of the amino acid 
control on RNA synthesis. Amino acid auxotrophs carrying this genetic char- 
acter synthesize RNA in the absence of not only methionine but also other amino 
acids that may be required for growth. 

Ribonucleic Acid and Protein Synthesis under Methionine Starvation.—Figure 1 
presents the results of an experiment in which C!*-uracil has been added to a cul- 
ture of strain 58-161 immediately after removal of methionine from the growth 
medium. It can be seen that, compared to a control culture supplied with methi- 
onine, the incorporation of the radioactive pyrimidine into the trichloroacetic 
acid—insoluble fraction of the methionine-starved culture proceeds at about 66 
per cent of the normal rate during a period of time corresponding to one generation 
of the control culture and then comes to a gradual halt. Fractionation of the 
incorporated radioactivity into alkali-soluble and alkali-insoluble portions, accord- 
ing to the method of Schmidt and Thannhauser,'! showed that at any time ap- 
proximately 88 per cent of the total radioactivity was incorporated into the al- 
kali-soluble portion in both methionine-starved and methionine-supplemented 
cultures, i.e., that the bulk of the radioactivity in both cultures enters ribonucleic 
rather than deoxyribonucleic acid. Also presented in Figure 1 are the results of a 
similar experiment carried out wth the methionine auxotroph J53 (Met2~) of 
E. coli 12. It can be seen that immediately after removal of methionine from the 
growth medium, incorporation of labeled uracil into the acid-insoluble fraction of 
these bacteria proceeds at less than 10 per cent the rate of incorporation observed 
when methionine is supplied. This experiment thus confirms the previous findings 
that whereas strain 58-161 continues to synthesize RNA after removal of methi- 
onine from the medium, other methionine auxotrophs do not. Figure 1 shows 
also the assimilation of C'*-labeled leucine into the proteins of strain 58-161 under 
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Fic. 1.—(a) The assimilation of labeled uracil into the acid-insoluble fraction of two different 
methionine auxotrophs, 58-161 (Met:~) and J-53 (Met2~), (from the laboratory of W. Hayes) in 
the presence and absence of methionine. (b) The uptake of labeled leucine into the acid-insoluble 
fraction of 58-161 (Met, ~) in the presence and absence of methionine. 

Procedure: Cultures of either strain were growth with aeration in a glucose salts medium supple- 
mented with 20 ng/ml methionine to a density of 2 X 10% cell/ml. The bacteria were then centri- 
fuged out of this medium, washed in buffered saline, and resuspended in fresh medium, without 
methionine but supplemented with either (a) 10 ug/ml uracil and about 0.05 ue/ml 2-C!*-uracil 
or (b) 10 ug/ml leucine and about 0.05 we/ml C!*-leucine. Immediately after their resuspension in 
the radioactive medium, the bacteria were divided into two aliquots, methionine was added to one 
of these aliquots to a concentration of 20 ug/ml, and both aliquots were incubated with aeration. 
After various periods of growth, two samples were removed from each aliquot: one sample was 
diluted sixfold into 6 per cent ice-cold trichloroacetic acid, and the other sample was diluted two- 
fold into 10 per cent formalin. The trichloroacetic acid sample was filtered through an ‘‘Oxoid’’ 
membrane filter, and the filter, on which the acid-insoluble bacterial precipitate had been de- 
posited, was placed before a “‘thin-window”’ radiation counter. The formalin sample was used for 
spectrophotometric determination of the optical density at 650 mu. (N.B. Strain J-53 is actu- 
ally an amino acid double auxotroph, requiring, besides methionine, also proline for its growth. 
In the experiment with this strain, 20 ug/ml proline was also present in the growth medium at all 
times. ) 


methionine starvation; it is evident that as long as it is deprived of methionine, 
strain 58-161 does not incorporate significant amounts of labeled leucine, showing 
that the amino acid independence of the ribonucleic acid synthesis in strain 58-161 
is not to be attributed to its being a “leaky”? methionine auxotroph capable of 
continuing some protein synthesis in the absence of exogenous methionine. 
Multiple Amino Acid Auxotrophs.—In order to test whether RNA synthesis in 
strain 58-161 can proceed also in the absence of required amino acids other than 
methionine, a number of multiple auxotrophic derivatives of this strain were ex- 
amined. The results of these tests are presented in Figure 2, where it may be seen 
that mutants requiring methionine and leucine, methionine and isoleucine, methi- 
onine and histidine, and methionine and isoleucine and valine all synthesize RNA 
after being deprived of either one or all of the required amino acids. The relative 
amount of RNA formed during amino acid starvation, however, depends on which 
one of the required amino acids is absent and is always least when none of the re- 
quired amino acids is furnished.'? In addition to these four strains, an isoleucine- 
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Fic. 2.—-The assimilation of labeled uracil into the acid-insoluble fraction of four multiply- 
auxotrophic derivatives of the Met,~ strain 58-161 in the presence and absence of the required 
amino acids. (a) Strain W1305, requiring methionine and leucine (isolated by E. A. Adelberg); 
(6) strain J-134, requiring methionine and isoleucine (from the Ae sete of W. Hayes); (c) 
strain G-11, requiring methionine, isoleucine, and valine; (d) strain G-15, requiring methionine 
and histidine. (G-11 and G-15 were isolated after ethyl methane sulfonate mutagenesis of Hfr 
Cavalli. ) 

Procedure: The bacteria were grown, washed, and resuspended in 2-C'-uracil- labeled medium, 
as described under Figure 1, except that here the original growth medium conté ained also 20 ug/m 
of the other required amino acids. Immediately after their resuspension in radioactive medium, 
the bacteria were divided into four aliquots; one aliquot was supplemented with 20 yg/ml of both 
methionine and the other required amino acid, one with only methionine, one with only the other 
required amino acid (in the case of G-11, this aliquot received both isoleucine and valine), and one 
received no further additions. After various periods of growth, samples were removed from each 
aliquot and treated as described under Figure 1. 


valine-requiring, methionine-independent strain (G-11-R1) was examined, in 
which the Met,~ locus of the methionine and isoleucine-valine auxotroph G-11 
had been replaced by its Met* allele through transduction with phage Pl. This 
isoleucine-valine-requiring strain continued RNA synthesis during isoleucine- 
valine starvation in exactly the same manner as the original G-11 double auxo- 
troph. 

These results show that not only methionine but also leucine, isoleucine, valine, 
and histidine (and, as shall be seen presently, threonine) fail to exert their normal 
regulatory power in RNA synthesis in the 58-161 strain. The fact that this 
aberration persists even after replacement of the Met,~ mutant locus by its wild 
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Met? allele indicates, furthermore, that the relaxation of the amino acid control of 
RNA synthesis is not a direct consequence of the Met,;~ mutation in the bacterial 
genome, a conclusion made even more certain by the results of genetic recombina- 
tion experiments to be presented in the following. 

Transfer of the Regulation Locus by Conjugation.—Strain 58-161 is one of the two 
“classical” strains employed by Lederberg and Tatum in their original experiments 
on genetic recombination in bacteria.'*'* Later work revealed that in these 


+ 


experiments 58-161 acted as the + donor strain™: and that in cultures of strain 
58-161 K+ there are present Hfr fertility mutants than can transfer with high 
efficiency parts of their chromosomes to the bacterial zygote formed upon con- 
jugation with F~ recipient cells.“ The two Hfr strains first discovered, Hfr 
Hayes® and Hfr Cavalli,” as well as a later strain Hfr Reeves;,'’ are all methionine- 
requiring descendants of 58-161. We have, therefore, examined the synthesis of 
RNA in these three Hfr strains under conditions of methionine starvation, by means 
of an experiment identical to that presented in Figure 1. This experiment showed 
that all three strains, Hfr Hayes, Hfr Cavalli, and Hfr Reeves,, behave exactly 
like 58-161 I+: after removal of methionine from the growth medium, the bacteria 
still more than double their content of RNA. The chromosomal change that 
produced these Hfr fertility mutants has thus not affected the condition respon- 
sible for the regulatory difference manifested by the F* parent strain 58-161. 

It seemed possible that it is the presence in strain 58-161 of the F fertility epi- 
some” itself that is responsible for relaxing the amino acid control of RNA syn- 
thesis, since I* episomes are known to be capable of affecting metabolic functions 
of the bacterium.*! Accordingly, we have examined by means of an experiment 
exactly like that presented in Figure 1, whether the F~ variant 58-161 (Spicer) 
that has lost its F episome™ continues to synthesize RNA during methionine 


starvation. This experiment showed that RNA synthesis is as methionine-inde- 
pendent in the F~ variant as in the F* parent strain. The presence of the fertility 
episome cannot, therefore, be responsible for relaxing the stringency of amino acid 
control of RNA synthesis in strain 58-161. 

The other of the two “classical’’ K12 lines, the F~ recipient, is the threonine- 
and leucine-requiring strain Y-10, from which multiple mutants, such as W945 


and W677, have descended.'*: ?? Part of Figure 3 presents an experiment in which 
the incorporation of C'-uracil into the acid-insoluble fraction of W677 bacteria 
has been followed in the presence and absence of threonine and leucine. It is 
evident from this result that, unlike in strain 58-161, RNA synthesis in strain 
W677 is under stringent amino acid control, since W677 bacteria. incorporate 
practically no labeled uracil whatsoever as soon as threonine and leucine are re- 
moved from the growth medium. 

This difference in behavior between Hfr donor and I~ recipient strains makes it 
possible to investigate whether there exists some genetic locus on the bacterial 
chromosome that takes part in the amino acid—governed regulation of RNA syn- 
thesis. For after Hfr and F~ cells have been allowed to conjugate, one can readily 
test whether the donor property of relaxed amino acid control has been transferred 
to any auxotrophic recombinants that may issue from the cross. Such bacterial 
recombination experiments have been carried out; Figure 4 shows the disposition 
on the E. coli chromosome of the various genetic loci used, as well as the point of 
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Fig. 3.—The assimilation of labeled uracil into the acid-insoluble fraction of the ‘‘classical’’ F 
strain and of a genetic recombinant in the presence and absence of amino acids required for growth. 
The amino acids supplied to the minimal medium are indicated on each curve. (a) The F~ strain 
W677 requiring threonine and leucine. (b) The methionine-, threonine-, and leucine-requiring 
recombinant T9 produced by the cross Hfr Cavalli X W945 (F~). The experimental procedure 


was identical to that described under Figure 2. 
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Fic. 4.—Outer circle: Location on the EF. coli 
chromosomal map of the genetic markers em- 
ployed %, 2° (the Gal; locus has not been precisely 
mapped®). Inner circles: Structure of the three 
Hfr donor straims; each arrow shows the point 


of origin from and the direction in which each 

z strain introduces its chromosome into the recipi- 
ent cell. Abbreviations: Str, streptomycin; 

Mal, maltose; Xyl, xylose; Mtl, mannitol; 

Met, methionine; B;, thiamin; Thr, threonine; 

Ara, arabinose; Leu, leucine; Az, sodium azide; 

Lac, lactose; Gal, galactose; + and —, ability 

and inability respectively to synthesize an amino 


Hfr Reeves, acid or vitamin or to ferment a sugar; R ands, re- 
Hfr Hayes sistance and sensitivity, respectively, to a drug. 


Hfr Cavalli 
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origin from and the direction in which each of the Hfr donor strains introduces its 
chromosome into the recipient cell. The results of these crosses show that the 
relaxed control character of the Hfr donor bacterium can be transferred to the 
bacterial zygote and integrated into the genome of a recombinant cell. As an 
example, the second part of Figure 3 presents the assimilation of labeled uracil, in 
the absence and presence of required amino acids, by a recombinant produced in a 
cross of Hfr Cavalli against W945 (F-). This recombinant is auxotrophic for 
methionine, threonine, and leucine, having received the genetic loci Lac, Az, Leu, 
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Aras, Thr, B;, from the I~ parent and the loci Met, Mtl, Xyl, Str, Gal. from the 
Hfr parent. As can be seen in Figure 3, in the absence of all three required amino 
acids, the recombinant bacteria assimilate labeled uracil at about 50 per cent the 
normal rate during a period corresponding to one generation of the fully supple- 
mented culture. Partial supplementation of the culture with one or two of the 
three required amino acids can be seen to produce a stimulation of RNA synthesis, 
though each of the three amino acids behaves in a quantitatively different manner, 
methionine being the most and leucine the least effective stimulant. 

The amino acid—independent RNA synthesis in this recombinant shows that 
there must exist a chromosomal locus, which we shall call RC, that in its RC™ 
allelic state of the 58-161 donor line produces less stringent, i.e., ‘“‘relaxed,”’ amino 
acid control of RNA synthesis than its RC*, or “stringent,” allele of the F~ re- 
cipient line. 

The results and methods of procedure of a number of crosses involving the RC 
locus are shown in Table 1. The following conclusions can be drawn from these 
crosses: 

(1) Of nineteen different auxotrophic recombinants descended from zygotes 
that received the chromosomal segments Thr-Leu Gal; - Str from Hfr Hayes, or Leu- 
Thr - Str - Gal. from Hfr Cavalli, nine synthesize RNA when starved either for 
leucine and threonine or for methionine: the others do not. These nine recom- 
binants, therefore, received the RC™' locus of the Hfr parent, whereas the other 
ten recombinants retained the RC* locus of the F~ parent. The appearance of 
the RC™! character in about half of the recombinants indicates that on the trans- 
ferred chromosomal segment, the RC locus is not closely linked to any locus used 
as a selective marker.?* 

(2) Not one of 20 different auxotrophic recombinants that received from the 
Hfr donor strains genetic loci (including Met,~) in only that segment that extends 
from Xyl through Thr, Leu to Gal, shows RNA synthesis in the absence of re- 
quired amino acids. Thus, all of these recombinants retained the RC™ locus of 
the F- parent. It is highly probable, therefore, that RC does not lie in the Xyl - 
Thr - Leu - Gals segment and is, instead, situated somewhere in the Xyl - Gal; - Gal» 
region. 

Mechanism of the Regulation.—The intervention of amino acids in the regulation 
of RNA synthesis allows the bacterium to adjust its steady-state level of RNA in 
accordance with the nutritional limitations imposed on the over-all rate of protein 
synthesis: as long as all of the 20 common amino acids are in abundant supply, 
the cell can utilize the maximum number of ribosomes to effect protein synthesis 
at the maximum rate; as soon as the supply of any one amino acid falls to a sub- 
optimal level, protein synthesis must necessarily decelerate and render super- 
numerary some of the ribosomal RNA molecules. The “balanced growth” ex- 


periments of Maalge and collaborators?‘ * illustrate this point: an immediate 
acceleration of RNA synthesis follows the transfer of a bacterial culture from a 
minimal to an amino acid-supplemented medium, and, conversely, an immedi- 
ate halt of RNA synthesis ensues upon transfer of a culture from a rich to a mini- 


mal medium. 
It is possible to understand the nature of this regulation in terms of recently 
developed notions of genetic control mechanisms‘ by considering the 20 common 
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amino acids as tnducers for RNA synthesis. Thus, one would suppose that there 
exists within the bacterium a set of twenty species of repressors of RNA synthesis, 
each repressor species being antagonized or “neutralized” by one particular kind 
of amino acid. Hence, the lower the intracellular concentration of amino acids, 
the higher the effective repressor concentration, and hence, the smaller the rate 
of RNA synthesis. Furthermore, as soon as the concentration of any one amino 
acid falls to the very low level that obtains in an auxotroph starved for its growth 
factor, the effective concentration of the repressor homologous to that amino acid 
rises high enough to cut off RNA synthesis altogether. The set of 20 acceptor 
RNA species, each of which is known to enter into combination with only one 
kind of amino acid,”® would commend itself as a likely possibility for the repressors 
postulated here. This is an image of the regulatory role of amino acids, which 
has been developed also by C. G. Kurland* on the basis of his observations on the 
effect of chloramphenicol on bacterial RNA synthesis. 

From this point of view, at least two different, alternative functions could be 
conceived for the RC locus in the regulation process: (1) RC could be a regulator 
gene* that governs the synthesis of the repressor molecules; the relaxation of 
amino acid control engendered by the RC™ allele would then correspond to a 
mutation in this regulator gene that produces either fewer or less effective re- 
pressors than the stringent control allele RC*. (2) RC would be an operator 
gene’ governing the function of an operon that either serves as the direct chromo- 
somal template for the synthesis of ribosomal RNA or generates an ephemeral 
cytoplasmic product whose continual replenishment is required for RNA synthesis; 
the relaxed control allele RC™! would then correspond to a state of the operator 
gene that has less affinity for the repressor molecules than the stringent control 
operator gene RC“. Under either alternative, starvation for one, two, or three 
rel allele would 
not elevate the effective repressor concentration to a sufficiently high level to cut 
off RNA synthesis. Nevertheless, even in RC™! genotypes, RNA synthesis 
must still subject to some amino acid control, since, as was seen in Figures 2 and 3, 


required amino acids in an auxotrophic bacterium carrying the R¢ 


partial amino acid supplementation stimulates RNA synthesis in such bacteria. 
Furthermore, as N. O. Kjeldgaard” has found, transfer of the RC™! strain 58-161 
from a poor to a rich amino acid-supplemented medium still engenders an immediate 
acceleration of RNA synthesis. 

Summary.—The methionine-requiring strain 58-161 of E. coli K12 continues to 
synthesize ribosomal RNA during methionine starvation, in contrast to amino 
acid auxotrophs of other EF. coli lines, which stop such synthesis as soon as they are 
deprived of the required amino acid. Study of multiple auxotrophic derivatives 
of strain 58-161 requiring additional amino acids for growth revealed that in this 
strain the normally stringent control of ribosomal RNA synthesis by amino acids is 
relaxed, vis @ vis not only methionine but also other amino acids. Conjugation 


experiments in which Hfr variants of strain 58-161 were crossed to F~ bacteria 


subject to normal, stringent amino acid control showed that there exists a locus, 
RC, on the bacterial chromosome that in its “relaxed’’ RC™! allelic state of the 
58-161 line produces less stringent amino acid control of ribosomal RNA synthesis 
than its normal, “stringent”? RC allele. The RC locus could be either a regulator 


gene concerning the synthesis of repressors of RNA synthesis or an operator gene 
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governing the function of an operon that serves as the direct chromosomal tem- 
plate of ribosomal RNA or generates an ephemeral cytoplasmic product whose 


continual replenishment is required for RNA synthesis. 


We are greatly indebted to W. Hayes and R. C. Clowes for good advice and for supplying us 
with most of the bacterial strains with which this work has been carried out. 


* Senior Postdoctoral Fellow of the National Science Foundation. Permanent address: Virus 
Laboratory, University of California, Berkeley. 
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FACTORS AFFECTING AMINO ACID INCORPORATION INTO 
PROTEINS BY ESCHERICHIA COLI RIBOSOMES 
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It was reported recently that the incorporation of amino acids into proteins by 
cell-free extracts from Escherichia coli is partially inhibited by small amounts of 
deoxyribonuclease.!_ The experiments reported here suggest that DNA is directly 
concerned in the mechanism of amino acid incorporation by serving as a template 
for RNA synthesis. This RNA synthesized in vitro is shown to have the same sedi- 
mentation characteristics as the RNA, revealed by short pulse labeling in vivo, 
which has been called messenger RN A.? 

Methods.—E. coli strain B was cultivated at 37°C in a medium composed of 
0.005 M potassium phosphate, pH 6.8, 2 gm dextrose, 1 gm vitamin-free casamino 
acids (Difco), 2 gm (NH4).SO,, 160 mg MgCl, 3 mg CaCh, and 1 mg FeSO, per 
liter. The bacteria were harvested in the logarithmic phase of growth, unless 
otherwise stated, washed, ground with alumina, and extracted with a mixture of 
0.01 J magnesium acetate and 0.005 J/ tris buffer, pH 7.4, as described previously. ! 
The reaction mixture for the study of the incorporation of amino acids into proteins 
was composed of 0.001 1/ ATP, 0.005 M phosphoenol pyruvate, 40 ug pyruvate 
kinase, 0.022 J KCl, 0.01 7 magnesium acetate, 0.005 M tris buffer, pH 7.4, 
a mixture of 5 ug of each of the 18 common amino acids including C'*-l-alanine 
(5 & 104 epm), 0.5 ml crude bacterial extract, or isolated ribosomes (2-4 mg) and 
supernatant fractions, in a total volume of 1 ml. Incubation was usually carried 
out at 30°C for 30 min, and the samples were processed and counted.! Crystalline 
deoxyribonuclease was obtained from Worthington Biochemical Corporation, 
Freehold, N. J. 

Inhibition by Deoxyribonuclease-—When the crude bacterial extract was incubated 


for 10 min at 25°C with various amounts of deoxyribonuclease before the reaction 


of amino acid incorporation, the partial inhibition obtained was independent of the 


amount of enzyme present within a tenfold range (Table 1). This inhibition was 


TABLE 1 

DEOXYRIBONUCLEASE (IDNAsE) INHIBITION OF AMINO AcID INCORPORATION * 

ue DNAse ml  % 35 
5 10 20 50 
Expt. 1. epm 31: 372 364 386 426 
inhibition “; 54 55 53 48 
Expt. 2 epm 765 ; 365 334 353 399 
inhibition © 2¢ 52 56 54 48 
* The crude E. coli extract was incubated with varying amounts of DNAse at 25°C for 10, min before the reac- 


tion. Reaction mixture, as given in text, incubated at 30°C for 30 min and processed as deseribed.! Results are 
given in counts per minute (cpm). 


thus not due to contaminating ribonuclease, which even in very small concentrations 
(0.1 wg per ml), inhibits the reaction over 90 per cent. 

DNA Effect-—To study the effect of adding purified DNA, the system was first 
fractionated into ribosomes and supernatant by 2 hr centrifugation at 100,000 
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g and the amount of DNA in each fraction was then reduced in the following way: 
the ribosomes were washed twice by 45-min centrifugations at 100,000 g in 0.01 
M Mg*?*-tris buffer, while the supernatant was treated with 0.1 17 Mgt+, centri- 
fuged for 3 hr at 125,000 g and finally dialyzed against 0.01 17 Mg*++-tris buffer. 
Purified DNA was prepared from E. coli according to Marmur.* The results of 
these experiments are shown in Table 2. DNA increased the incorporation of 


TABLE 2 
DNA Errect on Amino Actip INCORPORATION * 
+ 80 uz DNA 
+ 80 ue DNA + 27 we spermidine + 27 we spermidine 


erie) 


ixpt. 1 } 682 i2 562 
(xX 1.39) 

Expt. 2 560 625 190 
(2:37) 

expt. 3. 2 710 834 198 
(* 1.80) 


* The reaction mixture contained 3 mg ribosomes and 0.15 ml supernatant with the additions indicated 
above (see text). tesults are given as counts per minute. 
amino acids and this increase was larger in the presence of small amounts of sper- 
midine, which in itself had little or no effect. 

Nucleotide Effects—When cytidine triphosphate (CTP), guanosine triphosphate 
(GTP), and uridine triphosphate (UTP) (0.5 umole of each) were added together 
to a reaction mixture with crude #. coli extract, a stimulation of the incorporation 
of amino acids, by a factor of 1.05 to 1.49, was observed. With crude extract pre- 
pared from a uracil-requiring strain starved for uracil for 5-10 min before harvesting, 
the amino acid incorporation was increased by a factor of 1.8 to 2.9. The addition 
of one of the nucleotides separately had little or no effect. 


When the bacterial extracts had been treated with 5 ug deoxyribonuclease per 
ml for 10 min at 25°C before the reaction, the effect of CTP, GTP, and UTP was 
either small or absent. The results of these experiments, as shown in Table 3, 


indicate that the stimulation of amino acid incorporation may be related to RNA 


TABLE 3 
EFFECT OF NUCLEOTIDES ON AMINO AcID INCORPORATION * 

DNAse-treated 

crude extract 
Tested 
Without with 
CTP. CTP. 
Crude T Stimu- Grr, GTP, 
extract + CTP + GTP + T lation UTP UTP 

A. Crude extracts from E. coli strain B 

Expt. 1 392 7 585 145 182 
2 513 502 52 76: og ¢ 370 
3 560 x . 200 330 
t 138 150 13: 1. x 5 256 264 
5 K, 


> 
) 
335 328 3 x 366 x 87 


B. Crude extracts from uracil-requiring strain, starved for uracil for 5 min before harvesting 
Expt 33: 310 320 366 640 x 1.93 82 92 
r ‘ 600 870 x 2.90 168 
250 400 KA 90 160 
160 502 565 827 x 2.04 267 250 
387 327 390 561 x 1.84 141 147 
* Reaction mixture as in the text. 0.5 umole each of CTP, GTP, and UTP were added, as shown above, per 


1 ml reaction mixture. To investigate the effect of DNAse, 2.5 ug of this enzyme were incubated for 10 min at 
5°C with 1 ml crude extract prior to the reaction. Results are given as counts per minute. 
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synthesis:'~* the requirements for both phenomena, i.e., the presence of all four 
nucleotides and the integrity of DNA, are identical. 

To find out whether RNA was synthesized under these conditions, C'*-labeled 
cytidine-5’-, guanosine-5’-, and uridine-5’-monophosphates which produce about 
the same effect as the triphosphates (they are probably rapidly converted to tri- 
phosphates by the kinases present in the extract), were added to a reaction mixture 
containing an extract from the uracil-requiring strain and 5 ug of each of the 18 com- 
mon amino acids (unlabeled). At the end of the incubation period, 5 wg deoxyri- 
bonuclease was added and after 2 min the mixture was washed twice with cold 5 
per cent trichloroacetic acid, twice with 95 per cent ethanol and dried with ether. 
The RNA was then extracted with 10 per cent NaCl at 100°C, hydrolyzed in 0.3 
N KOH at 37°C for 18 hr, and the nucleotides separated by electrophoresis on paper 
in formate buffer, pH 3.5, according to Smith.’ The spots corresponding to each 
of the four nucleotides were isolated, eluted with water, and the radioactivity of 
each sample was determined. The C'™ nucleotides had been incorporated into 
RNA in approximately equivalent amounts. 

Characterization of RNA Synthesized in vitro.—The incorporation of C'™ nueleo- 
tides into RNA was done in a system containing 0.5 ml cell extract, 0.001 17 ATP, 
0.005 M phosphoenol pyruvate and 40 wg pyruvate kinase, 0.5 mM each of cytidine- 
5’-, guanosine-5’-, and uridine-5’-monophosphates, 0.0075 JJ: Mg*+, 0.0025 M 
Mn*+, 0.022 MW KCl, and 0.005 M tris buffer, pH 7.4, in a total volume of 1.0 
ml. In all the analyses by the sucrose gradient technique, C'- G-5’-P and U-5’-P 
were used as labels, while in some other experiments the four radioactive nucleoside 
monophosphates were present. Incubation was generally carried out at 30°C 
for 30 min. The samples were then washed with cold 5 per cent trichloroacetic acid, 
plated on Millipore filters (pore size 0.65 w) and the radioactivity counted. The 
radioactive material, precipitable in cold 5 per cent trichloroacetic acid, was released 
in the soluble phase when the samples were heated in this acid for 15 min at 90°C; 
it was also released on addition of 1—5 wg ribonuclease, and on incubation with 0.3 
N KOH for 18 hr at 37°C. 

About half the maximal incorporation was reached within 4 min, and the reaction 
leveled off after 30 min. During this time about 40 mumoles of each nucleotide 
had been incorporated into RNA. The presence of all four nucelotides was neces- 
sary with dialyzed extracts and the reaction was inhibited 90-95 per cent by 10 min 


preincubation of the extract with 5 wg deoxyribonuclease at 25°C. 
When the crude bacterial extract was fractionated by centrifugation into ribo- 


somes and supernatant and each fraction was tested separately for the incorporation 
of nucleotides into RNA, it was found that the bulk of the activity was located in 
the soluble fraction. From this fraction DNA could be removed by addition of 
streptomycin.’ The activity of the system was then lowered to about 10 per cent 
of its original value. When purified DNA, from E. coli B,* T, bacteriophage, B. 
megaterium,® or calf thymus, was added back to streptomycin treated supernatant 
(40-80 ug per 0.5 ml supernatant), the ability of the system to synthesize RNA was 
fully restored. Thus it is clear that the properties of the system synthesizing 
RNA in the bacterial extract used here are similar to those of the purified systems 
described by Weiss, and Furth e¢ al.® 

Figure 1 shows a sucrose gradient analysis of RNA synthesized in vitro. The 
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—— ABSORPTION 
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Fic. 1.—Sucrose gradient analysis of RNA synthesized in E. coli crude extract. The reaction 
mixture contained 0.5 ml bacterial extract, 0.4 mg ATP, 0.2 mg CTP, 0.2 mg each C' G-5’-P 
and C' U-5’-P, 5 wmoles phosphoenol pyruvate, 40 ug pyruvate kinase, 00075 M Mg*t*, 0.0025 
Vv Mn**, 0.022 M KCl, and 0.005 M tris buffer, pH 7.4, in a total volume of 1.0 ml. Incuba- 
tion took place at 30°C for 30 min. 5yug DNAse was added. The mixture was then layered on 
top of a sucrose gradient (20-5) in 0.01 M magnesium acetate and 0.005 M tris buffer, pH 7.4. 
It was then centrifuged through the gradient for 2.75 hr at 24,000 rpm in the SW25 rotor of the 
Spinco model L centrifuge at about 20°C. Two drops and 8 drops per sample were collected for 
measuring the optical density at 260 my and the radioactivity respectively. 





10 3 3% 


5 20 
TUBE NUMBEs 


reaction mixture was as given above and the sucrose solutions in the gradient con- 
tained 0.01 17 Mg++. The curve given for radioactivity shows that the bulk of the 
newly synthesized RNA is located under two peaks, one corresponding precisely to 
70S ribosomes, the other to a sedimentation constant of 15-168. The latter com- 
ponent clearly sediments at the same rate as the messenger RNA studied by Gros 
et al.* after short pulse labeling in vivo. We note that there is no radioactivity 
attached to the 50 8 ribosomes, while the curve shows a shoulder suggesting that 
some of the newly synthesized RNA sediments at 308. In some other experiments 
we have observed a well-marked peak sedimenting at 30S. 

A time course experiment was done, in which the incorporation of nucleotides 


was stopped by addition of 5 ug deoxyribonuclease per ml after 30 sec, 2 min, and 
15min. The reaction mixtures were then dialyzed for 2.5 hr against 10-4 17 Mgt*+ 


and tris buffer, and they were centrifuged through a sucrose gradient made up in 10~4 


M Mg*+* and 0.005 M tris. The results illustrated in Figures 2, 3, and 4 show that 
most of the radioactivity now lies under the peak moving at 15-16 8. This again 
shows that most of the RNA synthesized in vitro behaves like messenger RNA. In 
igure 4, a small peak is seen in the 708 region, which may mean that some messenger 
RNA is still attached to active 70 S ribosomes.!. Whether a small fraction of the 
RNA formed in vitro, corresponding to 5-20 per cent of the total amount, is pre- 
cursor of a ribosomal component cannot be decided in the light of these experiments. 

In the next experiment, RNA synthesized in vitro was purified with phenol before 
sedimenting in the sucrose gradient. After the incorporation of C14-nucleotides, 
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Fic. 2.—Sucrose gradient analysis of RNA synthesis in FZ. coli crude extract. The reaction, 
as described in the legend of Fig. 1, was stopped after 30 see by addition of 5 we DNAse. The 
mixture was dialyzed for 2.5 hr against 0.005 M tris buffer, pH 7.4, containing 10-4 M Mg*t* 
before centrifugation in the sucrose gradient. 


ee @ 30 
TUBE NUMBER 


Fic. 3.—As in Fig. 2, except that the reaction was stopped after 2 min by addition of 5 ug 
DN Ase. 


5 wg deoxyribonuclease was added, the reaction mixture was treated with 0.5 per 
cent sodium dodecyl! sulphate and phenol’ and the RNA was precipitated three 
times in 66 per cent ethanol. It was finally dissolved in 0.01 M acetate buffer, 
pH 5.1, and 0.05 W NaCl, and centrifuged through a sucrose gradient containing 
the same acetate-NaCl mixture. Under these conditions the radioactivity sedi- 
mented as a single peak moving at 10-11 8 (Fig. 5): This peak was therefore clearly 
distinct from the 168 ribosomal RNA.?® 

Effect of Fraction M.—An attempt was made to isolate a fraction enriched with 
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Fic. 4.—As in Figs. 2 and 3, except that the reaction was stopped after 15 min by addition of 
5 wg DNAse. 


TUBE NUMBER 
Fic. 5.—Sucrose gradient analysis of RNA synthesized in EZ. coli crude extract. Conditions as 
in Fig. 1. At the end of the incubation period, after addition of DNAse, the reaction mixture 
was treated with 0.5% sodium dodecyl sulphate and phenol, and the RNA was precipitated 3 
times in 66% ethyl aleohol. It was then redissolved in 0.01 M acetate buffer, pH 5.1, and 0.05 
M NaCl and centrifuged for 12 hr through a sucrose gradient containing the same acetate-NaCl 
mixture. The radioactivity peak sedimented at 10-11 8. 


messenger RNA. This fraction, which we shall refer to as fraction M, was then 
tested for its ability to stimulate amino acid incorporation. 


The isolation procedure was based upon the observation that in 10~? 7 Mgt, 
messenger RNA sediments both at 70 S and 15-16 8, while in 10-4 WZ Meg?**, it 
sediments mainly at 15-16 8.2 

A crude bacterial extract in 10-? M Mg*+ tris buffer, to which 5 ug deoxyribonu- 
clease per ml had been added, was centrifuged for 2 hr at 100,000 g. The super- 
natant was poured off and kept aside, and the centrifuge tubes containing the ribo- 
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somal pellet were quickly rinsed with 10-4 M@ Mg** tris buffer. The pellet was 
then resuspended in the same buffer and centrifuged for 5 hr at 100,000 g in order 
to sediment the ribosomes. The supernatant was poured off and centrifuged for 
9 hr at 100,000 g. The upper 0.8-0.9 of the supernatant was then carefully pipetted 
off and discarded, while the remaining liquid was swirled around in the centrifuge 
tube for about 15 sec. A few aggregates sometime present were removed by 10 
min centrifugation at 20,000 g, and the clear supernatant was kept aside. Prepara- 
tions made in this way we call fraction M. They consisted mainly of RNA, 
as shown by the orcinol reaction and the measurement of optical density at 260 
mu, with less then 7 per cent protein, as estimated by the Folin-phenol reagent. 
The diphenylamine test showed that there was less than 3 per cent DNA. When 
these preparations were examined in the analytical centrifuge with the ultraviolet 
optics, one single boundary, moving at 4.8, was observed. Thus a predominant 
amount of S-RNA was present which had not been eliminated during the centrifuga- 
tions. 

The centrifuge tubes containing the ribosomal pellet, after the 5-hr centrifugation 
at 100,000 g, were rinsed with 10-4 JJ Mg** tris buffer, and the ribosomes were 
resuspended in this buffer for the second washing. They were centrifuged for 3 
hr only, so as to keep most of the messenger RNA in the supernatant. The latter 
was poured off and the washed ribosomes, resuspended in 10~? 17 Mg** tris buffer, 
were used in the test system for amino acid incorporation. 

The supernatant from the 2-hr centrifugation of the crude extract was centri- 
fuged again for 9 hr at 100,000 g to sediment the messenger RNA which it con- 
tained. The upper half of the supernatant was carefully removed to yield the super- 
natant fraction used in the system for amino acid incorporation. 

The system used contained 0.05—0.15 ml supernatant and 1.5-3.0 mg ribosomes 
in a reaction mixture of 1.0 ml. On addition of fraction M, in amounts vary- 
ing between 3 and 100 ug, a stimulation of the amino acid incorporation, by a factor 
of 1.5 to 8, was observed. Some of the results are shown in Table 4. That the 


TABLE 4 


IcrrectT OF FRACTION M on Amino Acip INCORPORATION * 


Supernatant (ml) 0.1 
Ribosomes (mg) ; y 

Fraction M (ug) 

S-RNA (mg) 


epm 


* Reaction mixture as given in text, incubation at 30°C for 30 min. 


stimulation was not due to S-RNA present in the fraction M and lacking in the re- 
constructed system was indicated by the following observations: (a) the addition 
of purified S-RNA" did not produce a comparable stimulation, and (b) doubling or 
tripling the amount of supernatant present in the system did not suppress the 
effect of fraction M. 

When the ribosomes were washed in 10-2 1J Mg++ tris buffer, instead of 10~4 
M Mg*+, the activity of the system was higher and the addition of fraction M 
usually produced a smaller effect. This is easily explained, as in 10-2? WM Mgt*, 
messenger RNA sediments at 70 S with the ribosomes. When the supernatant 
used had been centrifuged for 2 hr instead of 9, fraction M also produced a 
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smaller effect, indicating that the supernatant still contained a certain amount of 
messenger RNA. 

Fraction M could be kept frozen. It remained active for 24 hr at 4°C. At 
room temperature, however, it lost its activity within 0.5 to 2 hr. Care was there- 
fore taken to carry out all the preparative procedures at 4°C. 

The next experiments were designed to find out whether the component respon- 
sible for the stimulation of amino acid incorporation had the same sedimentation 
properties as the messenger RNA studied by Gros et al.2 1 ml of fraction M 
was layered on a sucrose gradient made in 10-4 J/ Mgt* tris buffer, and 
centrifuged through the gradient at 25,000 rpm for 6 hr in the cold. A tube was 
run in parallel with 30 8 and 508 ribosomes as markers. Drops were collected in 
the cold and a number of samples were dialyzed at 4°C against 10-4 17 Mgt? tris 
for 1.5 hr to remove the sucrose. The samples were then tested in the amino acid 
incorporation system. The results, represented in Figure 6, show that the samples 
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Fic. 6.—Sucrose gradient analysis of messenger RNA activity in the amino acid incorporation 
system. 1 ml fraction M preparation was centrifuged for 6 hr at 4°C through a sucrose gradi- 
ent in 10-4 M Mg** tris buffer. Drops were collected in the cold and tubes 11 to 14, 16 to 19, 
22 to 24, 26 to 28, and 30 to 32 were pooled respectively to form 5 samples. Each sample was 
then dialyzed against 10-4 WM Mg** tris buffer for 1.5 hr and tested in the system for amino acid 
incorporation. The activity of the system without the addition of the samples from the gradi- 
ent was 85 cpm. In order to estimate sedimentation constants, a mixture of 50S and 308 ribo- 
somes was centrifuged through a sucrose gradient in a tube run in parallel in the same centrifugation. 


which stimulated amino acid incorporation sedimented at 9-14 5. It is not sur- 
prising that this value is somewhat lower than that observed by Gros et al.? and by 
us for the RNA synthesized zn vitro (15-16 8), as during the isolation of fraction 
M, the heaviest fractions have probably been eliminated. In order to obtain 
a better resolution of the active peak, additional experiments were done in which a 
greater number of samples were dialyzed and tested for activity. In all cases, the 
peak was found to be rather broad with sedimentation constant ranging from 9 to 
148. 

Conclusions. The experiments described above show that the in vitro incorpora- 
tion of amino acids into protein by EF. cold ribosomes was inhibited to some extent 
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by deoxyribonuclease, and stimulated by the addition of purified DNA, and of cyti- 
dine, guanosine, and uridine triphosphates. It was found that RNA was synthe- 
sized in the same system and this synthesis depended on the integrity of DNA and 
on the presence of all four nucleotides. The properties of this RNA made in vitro 
were studied by sedimentation through a sucrose gradient and they were found to 
be similar to those of the messenger RNA observed after short pulse labeling in 
vwo.” Therefore the same factors seem to affect both the incorporation of amino 
acids and the synthesis of messenger RNA. 

A preparation consisting largely of RNA, isolated from bacterial extracts, was 
found to stimulate amino acid incorporation. It was shown that the sedimentation 
constant of the active fraction corresponded to that of messenger RNA.? 

These observations support the view that in the cell-free system the incorporation 
of amino acids into protein depends on (a) the synthesis of messenger RNA by 
DNA and (0) the presence of a “reserve’’ of messenger RNA made in vivo and still 
active in the system, 
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ERRATUM 


In the article entitled ‘“The Proton Irradiation of Methane, Ammonia, and Water 


at 77°K, ”’ by Rainer Berger, which appeared in the September issue, the word 


“inches” appearing in the last two lines of page 1434 should be read as ‘‘meters.”’ 
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